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AUTHOR'S PREFACE. 



In placing these lectures before a wider section of the public, I 
consider it essential to indicate the point of view from which 
they have been prepared. I regard them as an attempt to 
follow the development of our ideas of to-day from those that 
were formerly current. Hence I have only gone back as far as 
Lavoisier; because our science assumed a new aspect in his 
hands, and because it may be held that, as regards develop- 
ment, we are still passing through the epoch inaugurated by 
him. 

It has been my wish to arrange the matter of the lectures 
in such a way that the student may be enabled to obtain a 
survey of this portion of the history of chemistry with little 
trouble, and at the same time so that it may serve as a guide 
for those who may desire to engage their attention more par- 
ticularly with special investigations in this department. On 
this account I have expressed myself as concisely as possible, 
whilst, on the other hand, I have supplied moderately complete 
references to the original literature in connection with the 
subjects treated of. A twofold result appears to me to be 
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attained in ihis way, inasmuch as the reader is placed in the 
position of being able to form an opinion forthwith regardin;; 
the value of the narrative, and to correct errors and omissions, 
while the labour of subsequent investigators is lightened. While 
I could scarcely consider it possible to give an absolutely accu- 
rate representation of the period in question, with its great 
Wealth of discovery, still it ha.s been my aim to furnish a useful 
contribution towards the history of the chief chemical facts and 
theories. 

It is almost unnecessary to say that the book has no preten- 
sions to completeness. I only felt justified in taking notice 
of those investigations and ideas which have exercised an 
influence upon the further development of chemistry, whereas 
I have at most merely referred to other investigations which, 
in my opinion, will still exert such influence. An objective 
treatment of the subject appeared to demand that it should 
be handled in this way. 

I liave not hesitated to carry the history of the develop- 
ment of chemistry down to the present day, although the 
difl5culty of the task has been greatly increased by my doing 
so. It is certainly in this [lart in particular that many correc- 
tions will still be neces-sary before the end in view is attained. 
How different the latest pha,ses of our science will apjjear to 
subsequent investigators ! And yet the opinion of a contem- 
porary is not without value also, when it is moderate and free 
from prejudices or special leanings. This is exactly what I have 



i^ 



PREFACE. VU 

Striven to attain. If I have not always been successful in 

doing so — if here and there I may have underestimated the 

merits of some and unduly asserted those of others — this has 

been unintentional. If I have been severe in my judgment, I 

have at least been free from any personal feeling, and it has 

always been the matter alone that I have attacked. Should I have 

approached in some cases too closely to the limits of historical 

accuracy, or should I not 'have succeeded in representing fairly 

the claims of every one, I am fully prepared to rectify my error 

as soon as I am convinced of it. 

If my colleagues are interested in the subject, and assist 

me with their knowledge and advice, it may soon be possible, 

perhaps, to obtain an objective picture of the chemical theories 

of the last hundred years. I desire that this book may be 

reJgarded as an attempt in that direction, and that it may be 

judged indulgently. 

A. LAUENBURG. 

Kiel, December 1886. 



AUTHOR'S PREFACE TO THE 
ENGLISH EDITION. 



** * »TY years after the appearance of the first edition of this 

'Ool^j an English translation of it is now being prepared. I 

^Sn.Td this as a favourable indication of the permanent value 

the book, since it is evident that the standpoint then 

^o^Opted is intelligible at the present day and is still unsuper- 

^^^ed. Moreover, it may be concluded that the exposition of 

^he subject is not marred by national prejudices. 

In order to keep pace with the constant progress of the 
science, two new lectures have been added to the original 
fourteen. One of these appeared fourteen years ago, upon the 
publication of the second German edition of the book ; whilst 
the other — the sixteenth — is here published for the first time. 

The English edition is a faithful translation, and, so far as 
I am able to judge, it is written in a good style. For these 
features my best thanks are due to the translator. 

I venture to express the hope that the book will find 
friends amongst the English-speaking peoples, and that it may 
contribute to stimulate interest in the history of our science. 

A. LADENBURG. 

Gkassendale, Southbourne-on-Sea, 
September 1899. 



TRANSLATOR'S NOTE. 



The translator wishes to express his sincere thanks to Professor 
Ladenburg for the very cordial manner in which he agreed to 
the preparation of this translation of his well-known history ; 
as well as for his kindness in specially writing an additional 
lecture for this edition, thereby bringing the latter up to date, 
and for the great care he bestowed upon the revision of the 
proof-sheets. He further wishes to thank a number of friends 
to whom he is indebted for advice and assistance upon a variety 
of points. 
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It is not anticipated that the abbreviations employed for the 
titles of journals, etc., will, as a rule, present any difficulty. 
The following unfamiliar abbreviations may be explained : — 

A. C. R. = Alembic Club Reprints. 

E. (following a reference to a foreign book) = English 
Translation. (This contraction is only employed in the cases 
of a few well-known translations.) 

In cases where journals have been issued in two or more 
series, references to volumes belonging to the second or any 
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Introduction — The Phlogiston Theory in its First and in its 
Later Acceptations— Chemical Knowledge of the Phls- 
GisTiANS— Fall of the System. 

THE value of historical narratives is undisputed. This value 
no doubt varies with the subject matter which is dealt 
with ; but the history of human actions and of human know- 
ledge always forms one of the most interesting inquiries. If we 
are adherents of the Darwinian theory, and grant to this theory 
a warrantable latitude, the importance of a retrospect of bygone 
centuries is thereby enhanced. We are then obliged to recog- 
nise a steady progress of development ; history is no longer a 
mere enumeration of isolated facts in chronological order, as 
these succeeded one another fortuitously, but it embraces the 
development of the human mind and of human civilisation. 
" shows us the results of the influence which the most varied 
*^uses have exercised upon the most different natures, and 
"lay perhaps at some time enable us to discover the laws which 
'^gulate these results. From this point of view it cannot be 
"Cnied that the development of the present condition out of 
/•y former one becomes of increased importance ; and hence 
« /"^^fest which the thinking public has taken in Buckle's 
*»istory of Civilisation " is easily understood. 

■*■ do not, however, go so ar fas to assert that this actual 
andpoint is necessary in order to lend due importance to the 
presentation of the past. The facts cannot be o\eT\ooV:e.A, 
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that knowledge itself affords a certain satisfaction to the hums 
intellect, and that every one eventually seeks to draw lessoi 
for the present from the destinies of nations in former time 
The most pronounced opponents of IJarwin, for exampl 
must admit that a connection exists between the outstandie 
character and the fate of a nation, and even they will attribm 
the success or the non-success of great undertakings to materi 
causes and circumstances. 

Assuming as a basis, then, the standpoint mentioned abov 
it may be asserted that a historical account of any scienj 
possesses an interest extending beyond that particular scienc 
In a comparative study of the history of all intellectual scienc* 
certain general tendencies of speculation may perhaps be recc 
nised which were predominant at particular times, and ow 
their existence to real, definite circumstances. In this respe 
the history of philosophy, in particular, is of importance i 
early times ; while for modern times the historical expositL 
of the natural sciences, in my opinion, possesses just as grei 
and probably even greater, importance. The subject mat 
treated of in the present work may hence find an ap[)licati- 
some day : it may be regarded as one of the many preparatc 
studies which will be required if the question of writing 
history of the development of the human intellect should C 
arise. 

If we limit our view, however, and inquire as to the inter" 
which the historical representation of a science possesses 
that science ; or, what concerns ourselves still more closel/' 
we merely consider the advantage which accrues from it for t 
study itself, or for the student, the points of view which th 
become paramount are entirely different. 

A retrospect of the past, especially in the exact scieno 
alone affords a pro])er comprehension of what is accepted > 
day. It is only when we are acquainted with the theoO 
which preceded those accepted at present, that the latter C^ 
be fully understood ; because there is almost always an in' 
mate connection between them. It might appear in our scieni 
(where any final result is arrived at by the test of experimen 
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^Kia.t the earlier views, which give expression to a luruted num- 
Hber of facts only, must not merely be supplanted by the later 
theories, which deal vrith a larger class of phenomena, but that 
they must lose their importance altogether. For the most part, 
however, this is not the case. On the contrarj-, a certain 
connection between successive hypwtheses can very frequently 
be observed. When the general development is followed up, 
the effects of the earlier ideas can be recognised in the later 
vie\vs, and it is in this way that the latter first come to be 

I properly understood. The abandonment of a theory is not 
always accompanied by a revolution. Such, indeed, is scarcely 
conceivable in the higher stages of the development of .science ; 
jB-nd even when new modes of explanation are proposed, traces 
K*f former opinions may still be recognised in the direction which 
' these take. 

I'Ut quite apart from this real advantage of the study of 
hi.stor)', which thus, in my opinion, leads to a clearer under- 
standing of our present position, yet another advantage may 
"^ adduced which is perhaps of still greater value to the 
student : namely, the accurate estimation of the value of 
theoritjs. An examination of the past shows us the muta- 
"'ty of opinions ; it enables us to recognise how hypotheses, 
PParenlly the most securely established, must in course of 
iirie jjg abandoned. It leads us to the conviction that we 
^*^ "1 a stale of continuous transition ; that our ideas of to- 
3-re merely the precursors of others ; and that even they 
Hriot, for any length of time, satisfy the requirements of 
^iencg_ We learn from any historical exposition that our 
^urai laws are not incontrovertible truths or revelations, 
. . that they can be regarded as the expre.ssion, for the time 
"^g, of a certain series of facts, which are thereby summarised 
^ ' as we say, explained in the most practical way for us. 
^ recognise that these laws do not originate suddenly in the 
^d of a single individual, like Minerva in the head of Jupiter. 
^ "s only slowly that the fundamental ideas which underlie 
'■"*^rri mature, and that the requisite facts are a.scertained b 
"•bours of many ; until, at last, the law common to them 
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announced by some one, or often by several persons simul- 
taneously. Further, by the study of history our faith »" 
authority is diminished^a faith which produces pemicio* 
effects by obstructing the way for any original development 
the individual. 

On the other hand we also learn, it is true, that theori' 
are necessary for further development ; and that, although tVie 
actual teachings of science may lie in the facts, the real intel- 
lectual significance can only be acquired by connecting isolated 
observations by means of hypotheses ; so that the present posi- 
tion con.sisls far more in the mode of explaining observation'^ 
than in the observations thcm.selves. 

When the point of view which 1 regard as essential for <::»*"■ 
subject is thus made clear, it will be understood that I dirc?<^' 
my attention principally to theories, and only take cognisan*^* 
of those experimental investigations which have contributed *" 
the establishment or the overthrow of general views. 

The early history of our science has been treated m< 
excellently, and in detail, by Hermann Kopjj ; and for thJ 
reason I confine myself to the last hundred and twenty yearsi 
that is, to the period of modern chemistry, or to that of quartj 
titative investigations.' I must not omit, however, to give 
short description of the views which prevailed in chemistry 
prior to I^voisier. 

The influence of the Greeks upon art and literature, o' 
their reawakening after several hundred years' sleep, is so wt?'' 
known that it need not surprise us if we recognise a simile '^ 
influence in science also. The four elements of Empedode^» 
water, earth, fire, and air, which, in Aristotle's system, are repr^' 
sentative of the four cardinal properties, moist, dry, hot, aii ^ 
cold, are quite familiar. I attach great importance to findin.^ 
fire here amongst the elements, and to seeing it regarded as ^ 
material substance. As we shall learn in what follows, the firs^ 
chemical theories have reference to the phenomena of combu^ ' 



' Kopp's Entwickelung der Chemie in der neueren Zeil {1873) appears < 
five years after tht publication of the fiist German edition of this book. 
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phlogiston tbeoij beoooes more ootDpcebenaUe 

minutely study the views of tbe Greeks and the Romans. 

: these peoples, combosxion is already looked upon as 
ig in the separation of the material of iiie ; and Pliny 
1 the easy inftammability of sulphtir as a proof of its 
irgely composed of a fite material- At a later date 
was itself assumed to be the fire material ; and from 
w the hypothesis that all metals contained sulphur, 
ionably arose. 
se few words concerning the chemical theories of the 

appear to me sufficient in order to understand Becher 
follower, StahL Both of these based their views upon 
r the Greek and of the Roman philosophers ; in the 
y that we find so many imitators of Greek art at the 
riod, that is, in the seventeenth century, 
ifference may, it is true, be pointed out between them ; 
that only the latter intentionally and knowingly followed 
footsteps of the ancients, whilst the former declared 
^es to be their opponents. Thus Becher says : " A 
sriptatetic is a bad chemist." He replaces the four 

of Empedocles by three others: the vitrifiablc, the 
able, and the mercurial earths." 

not my business here to inquire whether it was 
or Stahl who thought and wrought most with respect 
phlogiston theory. Still I will not omit to draw 
I to the great modesty of Stahl, who wished that 
services should be attributed to his teacher and friend 

" Becheriana sunt quae profero" ■* Such examples are 

adherents of the phlogiston theory regard combustion 
sting in a decomposition : " only compound substances 
m ; " these all contain a common principle which 
calls terra pinguis and Stahl calls Phlogiston. DurtJ 
ibustion this principle escapes and the other constiu 
ubstance remains behind. 
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This theory was applied to all combustible substance 
Thus, according to Stahl's views, sulphur cor>sists of s*-**^ 
phuric acid and phlogiston; a metal, of its metallic calxC*-' 
its oxide we should say) and ])hlogiston. According to Stat"* 
sulphur was not identical with phlogiston, but, as with Flir». Z 
it was rich in the principle of inflammability, which he did i» * 
know in a separate state. Soot appeared to be the substan*^ 
richest in phlogiston ; in fact as almost pure phlogiston, 
was in consequence of this that the conversiion of the raetall- ' 
calx into the metal by heating it with soot succeeded so wel- 
for the .soot handed over its phlogiston to the metallic calx, s 
that a metal was produced again. In his axperimentum novir 
Stahl tries to prove that the phlogiston in soot and in sulpln 
is identical. He shows here, how a sulphate can be convert: 
by means of charcoal into liver of sulphur, from which sulphi 
is precipitated by the action of an acid. From the reductii 
of the metallic calces by means of soot, Stahl further infers tl 
identity of the phlogiston of" the metals with the inflammab 
principle in soot and in sulphur; and thus he arrives at ^ 
proof that there exists only one such principle, which he call* 
simply I'hlogiston (from f/iA-o-yio-rov, combustible). 

The phlogiston theory was, for a century, the basis of all 
chemical considerations ; neverthele.ss we shall find thai during 
this time the conception of phlogisitun did not always retain its 
first signification, and that the whole mode of regarding it was 
altered in consequence. 

We can understand Stahl and his immediate followers quite 
well if we assume a loss of oxygen in every place where they 
speak of the taking up of iihlogiston, and vice versa : a phlogisti- 
cated substance is, with us, a substance free from or poor in 
oxygen. It might perhaps be said, in short, that phlogiston isj 
negative oxygen. 

Stahl borrowed from the ancients the view that combustioi 
is accompanied by destruction, or decomposition. This hi 
retained, although, even in his time, facts were well knowi 
which proved an increase of weight on combustion. Eve| 
Geber, an alchemist of the eighth century, appears to ha' 
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observed this in the cases of tin and of lead ; and the chemical 
literature up to Stahl's time furnishes several statements of the 
i^nie kind. Highly interesting, for example, are the observa- 
:ions of Jean Rey, of Mayow and of Hooke, as well as the 
.'onclusions which they drew from them. I shall enter into 
hese in the next lecture. 

Can we avoid bein(; astonished when wc read that Becher 
inci Stahl knew of these experiments and still defended their 
^lews ; that they regarded the increase of weight merely as an 
ncidental, unimportant phenomenon ; and that either the 
lUthority of the ancients, or the phenomenon of combustion 
Itself, which with them was so intimately associated with the 
"*^8- of destruction, was a sufficient ground for neglecting facts 
wnicVi must othenvise have overthrown their edifice? It is 
'"'^'"e particularly noteworthy, however, that Boyle — one of the 
*St considerable thinkers of the seventeenth century, a pre- 
■^essor of Stahl, calling himself a follower of the Baconian 
i>ool ; who was aware, from his own e.xperiments, of the in- 
case of weight on combustion ; who knew that the air was 
ces.sary for this, and who had made the observation that 
uring combustion a part of the air is absorbed — could not 
ake up his mind whether sulphuric acid was a constituent of 
sulphur, or on the other hand whether sulphur was contained 
in sulphuric acid."' 

I Amongst the successors of Stahl we find, it is true, some 
ho direct their attention more fully to this increase of weight, 
emery, for example, towards the end of the seventeenth cen- 
iry, states his views about it at length.'' At the same time 
s belief in the existence of phlogiston remains unshaken, 
though combustion now becomes a sort of double phe- 
nomenon. It remains a decomposition ; that is, the burning 
Bbstanoe separates from its phlogiston, but simultaneously it 
[jiles with a ponderable fire material. Lemery obtained his 
onderable fire material from the same source as that from 
lich Becher had taken his (erra pinguis and Stahl his 



Kopp, Geschichle. i, 166. 
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phlogiston. It was a new ap|jlication of the element fire. 
This double principle— the combu.stible principle on one hand, 
the ponderable fire material on the other — satisfactorily and 
completely explained the phenomena of combustion to the 
chemists at the close of the seventeenth century. We find 
these views first shaken by Newton, for whom fire is not a 
special substance. He suggests that every strongly heated and 
glowing substance burns; that red-hot iron or wood may be 
called fire : and that those substances which emit much smoke 
burn with a flame. 

The assumption of this ponderable fire material was first 
recognised as really fallacious in consequence of a highly in- 
teresting e.\periment by Rocrhave, who weighed masses of 
metal both cold and red-hot and found their weights to be 
identical in both cases.' The explanation of the increase of 
weight, next brings about differences of views amongst the 
chemists of the eighteenth century. Some seek to regard it, as 
Stahl had done, as an unimportant phenomenon which may be 
neglected ; others, on the contrary, and amongst them Boer- 
have, assume a union with certain (saline) portions of the air, 
and in this way seek to take account, at the same time, of the 
necessary presence of air during the combustion and of the 
increase in weight. According to others again the air merely 
serves to take up the separated phlogiston, which, in their 
view, cannot escape from one substance if there is not another 
present with which it can unite. In the middle of the 
eighteenth century we also find the notion that phlogiston 
possesses negative weight, or ab.solute levity. It seems quite 
natural to the upholders of this hypothesis that the weight in- 
creases on the separation of phlogiston. Others still, who 
have difficulty with the conception of absolute levity, regard 
])hlogiston as lighter ihan air. This view is upheld, for 
example, by (luyton de Morveau,'* whose explanation of the 
increase of weight is based upon the Archimedean principle, 
and does not altogether tell in favour of the clearness of imagi- 
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nation of this noted chemist. He says in effect : " If we 
bring two lead balls of approximately equal weight into equili- 
brium under water, on a balance, and then attach a piece of 
cork (an object lighter than water) to one of the balls, this ball 
will ascend : it becomes, therefore, apparently lighter although 
clearly we have increased the weight. A similar thing holds 
in combustion; in this case we weigh in air; the metal— the 
compound of the metallic calx with phlogiston— appears to be 
lighter than the calx because the phlooLston, just like the cork, 
is specifically lighter than the medium in which we weigh. — I 
take it for granted Ihnt the reader perceives the fallacy in this 
mode of regarding the matter ; and in this respect he is in 
advance of the celebrated Macquer who could not with- 
hold his admiration for this explanation. — Even Boyle had 
already observed that the metallic calces were specifically 
lighter than the metals, but Guy ton does not take this into 
consideration ! 

As the reader will have observed, I have not hesitated to 

call attention to the contradictions of the phlogiston theory, 

and to its weakness with respect to any reasonably tenable 

explanation of the increase of weight during combustion. In 

spite, however, of those hazy conceptions, which constituted 

the basis of the chemical opinions of the period, there were 

men amongst the phlogistians who have scarcely been excelled 

^_iii the fertility of their discoveries by any of the chemists of the 

^Bresent day. In this connection may I venture to make a 

^Beneral statement ? Am I not justified in asserting that falla- 

^Kious theories are not always obstructive to the development of 

[ science, and in supporting the view that it is better to possess 

definite theoretical bases, even if they do not explain all the 

facts, than to represent these facts themselves as the sole 

triumphs of science? Facts certainly play a great part in the 

foundation and in the overthrow of a theory; indeed they 

alone should have any influence in such matters; and if we 

now turn our attention to the decline of the phlogiston theory, 
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we must consider, in a general way at least, the chemical know- 
ledge and labours of the phlogistians. 

Their chemistry consisted especially of a rather incomplete 
knowledge of the chemical and physical properties of a series 
of substances which occur in nature. They had learned how 
to prepare other substances from these, and their endeavours 
were directed to the discovery and recognition of new sub- 
stances. Hence we find an already remarkable development 
of qualitative analysi.s, which we owe chiefly to Berginan, 
whilst quantitative methods were almost wholly unknown. 
Naturally, the theoretical bases did not permit of any value 
being attached to chemical proportions by weight. 

In order to give a general idea of the substances known at 
that time I shall mention some of them. Sulphur, charcoal, 
gold, silver, copper, iron, tin, and lead were certainly known 
to the most ancient peoples ; the discovery of mercury belongs 
to the tlreek period ; that of antimony, bismuth, and zinc to 
the middle ages; that of arsenic, phosphorus, cobalt, nickel, 
platinum, etc., to the period of phlogiston. Scheele, who was 
the most fertile discoverer amongst the phlogistians, discovered 
manganese and chlorine. The metallic calces, or oxides, as we 
should say, were looked upon as different by all the chemists 
of the period ; yet Macquer thought this difference might be 
referred to the more or less incomplete expulsion of the phlo- 
giston, and he therefore assumed the existence of the same 
earthy constituent in all the metals.'" Amongst those earths 
which were not classed with the metallic calces, they knew 
lime, alumina, and magnesia. Scheele discovered baryta. 
They divided the alkalies into the caustic and the mild 
(carbonated), the latter being regarded as substances which 
might pass into the former by taking up fire material. Potashes 
were in use from the ^ailiest times; the Arabians probably 
made known the preparation of caustic potash from potashes and 
lime; nitre was also known, and served for the manufacture of 
gunpowder. Soda or potash had been already employed by 
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the Egyptians in the manufacluru of glass," but Staiil was ihe 
first to discover that common salt contained an alkali differing 
from potash. 

Amongst the acids known at that jicriod, I mention hydro- 
chloric, nitric, sulphuric, and acetic. We are indebted to the 
Arabian alchemists for the introduction of the use oiaqua regia. 
Scheele considerably increased the number of the organic 
acids. He discovered hydrocyanic, malic, uric, lactic, citric, 
oxalic, and gallic acids. The discovery of hydrofluoric acid 
also stands to his credit. So we see what a large number of 
salts the phlogiston period had at its command in ct)nse<iuence 
of these discoveries. I do not enlarge upon Ibis, but turn to 
the knowledge respecting the gases, which are all the more 
interesting because they led to the downfall of the phlogiston 
theory. 

All ga.ses were for a long time regarded as identical with 
air, and this in turn was considered to be an element. Van 
Helmont, in the middle of the seventeenth century, was the 
first who assumed the existence of different gases. Nearly 
another hundred years passed after this assumption before the 
recognition of a gas which was certainly different from air; the 
difficulties of the manipulation make this easily comprehensible. 
We are especially indebted to Black, Cavendish, and Priestley 
for surmounting these diflficulties. The first examined carbonic 
anhydride, or the so-called fixed air, and corrected the views 
as to mild and caustic alkalies. His investigation'''' is one of 
the most important of the phlogiston period. In it (as was 
done by Lavoisier at a later date) we find the relations by 
weight brought forward as the most important consideration in 
the arguments. Cavendish studied the properties of hydrogen, 
whilst I'riestley discovered oxygen, nitric oxide, and carbonic 
oxide, as well as sulphurous and hydrochloric acid gases, 
ammonia, and silicon fluoride. 



" Kopp, Geschichle. 4, 27. 
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I shall deal more fully in the next lecture with the dis- 
covery of oxygen and the theoretical revolution connected with 
this discovery. I shall now say something with respect to 
Cavendish's investigation of hydrogen, and shall refer particu- 
larly to the modification in the prevailing phlogiston theory, 
which Cavendish and some other chemists introduced as a 
result of this investigation. 

Cavendish prepared his hydrogen from iron, tin, or zinc by 
dissolving any of these in hydrochloric acid ; he studied ils 
physical properties, called it inflammable air, and proved that 
it was quite distinct from common air. Basing his opinion 
on its mode of preparation, he regarded it, in the same way 
that Lemery had already done,*' as identical with phlogiston. 
Priestley and Kinvan further developed this view, the former 
basing his opinion upon his own observation that the metallic 
calces were reducible by means of hydrogen.'* 

The phlogiston theory in this new form is really based 
upon the following views : When a metal is treated with a 
diluted acid it decomposes into free phlogiston (hydrogen), 
and a metallic calx which dissolves in the acid. If the acid is 
concentrated (nitric acid or sulphuric acid) the phlogiston 
unites with the acid and a phlogisticated sulphuric or nitric 
acid is produced (sulphurous or nitrous acid). The explana- 
tion of the reduction of the calces by means of hydrogen 
was very simple : what occurred was merely the taking up of 
and the combination with phlogiston, whereby the metal was 
regenerated. 

These ideas, in which we must recognise a touch of 
genius, were pretty generally adopted by the phlogistians of 
the period. They furnished the last glimpse of sunshine 
accorded to the theory. The same person who discovered 
the facts which rendered their advancement possible, soon 
afterwards furnished the experiments which brought about the 
downfall of the theory. 

The phlogiston theory, in the sense understood by Caven- 
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dish and Kirwaii, was, however, easily disposed of. It ex- 
plained the conversion of the metals into their calces by 
means of acids — a matter which had begun to present diflfi- 
tnilties to the older phlogiston theory, but it no longer took 
cognisance of the real phenomena of combustion. In the 
calcination of a metal, where did the phlogiston (the hydrogen) 
go to? A previuus assertion made by Scheele '■' that during 
the combustion of sulphur in air, the air takes up phlogiston 
and unites with it, whereby its volume is diminished, was easily 
refuted now when the properties of phlogiston {i.e. of hydrogen) 
were known ; and the phlogiston theory thus became, in its 
new form, no longer applicable to that class of phenomena 
which it was advanced in the first instance to explain. 

The facts which contributed to the fall of this theory in- 
I creased from year to year. In 1774, a few months before the 
'discovery of oxygen, Bayen found that mercuric oxide was 
converted into mercury on heating. Whence came the phlo- 
giston which was required to bring about this change ? Bayen 
perceived the importance of his discovery, and regarded mer- 
curic oxide as different from the metallic calces proper. He 
found at the same time that the loss of weight in the reduction 
of the mercuric oxide was equal to the weight of the air 
obtained. How little attention was, in general, bestowed upon 
a fact so important, is proved by the views of Macquer who 
assumed that there must be a loss of weight in connection 
with the oxidation and the subsequent reduction of a metal. 
When Lavoisier came forward at a still later date, in opposition 
lo the phlogiston theory, Macquer stated that the news that 
important facts had been discovered, adverse to the phlogiston 
theory, caused him some concern, but that he was quite com- 
posed again when he ascertained that it was merely a question 
of relations by weight.'" 

Others, however, thought differently; and 'I'illet, after having 
again confirmed the increase of weight during the formation of 
litharge from metallic lead, drew attention, in a report to the 
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French Academy in 1762, to the circumstance that the expla- 
nation of this remarkable fact had not yet been given; but 
that it was to be hoped that the immediate future would furnish 
some elucidation of the matter.^'^ 

On the discovery of the composition of water the phlogiston 
theory was, in my opinion, no longer tenable, and had of neces- 
sity to be abandoned, since another theory, which was in con- 
formity with all the facts, was ready to hand. 

The fact that defenders of Stahl's views were still to be 
found from ten to fifteen years later proves, however, how 
difficult it is to eradicate prevaiHng opinions. It shows us 
how conservative we are by nature, and should make us use 
every endeavour to shatter our own faith in authority. 

" Kopp, Geschichte. 3, 129-130. 



LECTURE IL 

Revolution of the Views regakdixc CoMirsTrojr— PnEsTter— 
ScH^ELE — Lavoisier— IsDESTRCCTiBiLiTT op Matter. 

A STRUGGLE of great importance for chemistry was carried on 
between the years 1774 and 1794. This struggle was con- 
cerned with the removal of the fetters laid by the Gr».-ek 
philosophers upon tWe thinkers of that period, and with th<.* 
consistent upholding of the Baconian philosophy. It liad to 
do with the recognition of the experimental method /or the 
tnethod of observation under definite conditioas; as th« fjasi* 
of all theoretical conclusions and speculations ; and with the 
clearing away of those prejudices which had b^*ii cx'stcd in th«.- 
minds of the period Iw the method foUo*«i for centuries, — 
that, namely, of giving the foremost place to sp&f-ulati'yn, and 
of adapting observed facts, as well is might l^, Ut tKe estab- 
lished system. 

These twenty years are not only T':nitx':A '»n*{yicuous by 
a series of brilliant espefimental inrw-igationj, vut '.hey |y/»ses« 
also a universal importance in cfaejcistry t><3cause the^' kd to 
the establishment and reoognjiK« tA a prf-ocipie which coosti- 
tutes the basis of all oai t^tMioofsii «cperiir.ent» ; a-'vl wiii'^.'h is 
to so great an extent invohrtMi in vjr g'-iefsJ si'-i-rntifi'. M>n- 
siderations, that deviations frtrtu it v^we ify.'XKX-ivabk t<y us. 
This is the principle of tin: Indestructibiiitv <A hiit.vjcr. It is 'W.ly 
with the greatest efibrt, and froao an «rttr<r0id) objc-tive stajid- 
point, that we are in a position to iL'Ki<:s-stfe.nd v.kntific ireauacs 
in which this basis is wanting. 

Althou^ innurotrabk: experiments are ii. i.grt<_-!f.<:!i' wi'.h 
this prindple, yet we must be doubiy ';aj-fful in liiC a-doixioii 
of any sudi law, senog that it cx/nstiiutes the fc 
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scientific views. Even here, we must not commit ourselves ti 
any blind belief, neither must we regard this law as absolutel; 
exact; and, however difficult we may find it to build up 
scientific edifice without ii, still we must never forget that, jus! 
like all other laws, it is merely the expression of facts whic! 
we have observed ; that there are errors connected with all 
our observations ; and that on this account the possibility is 
not excluded that succeeding centuries may reject the law 
itself. 

Meanwhile, however, we must regard this law as the greatest 
achievement of chemistry, and as one of the firmest supports ol 
all natural science ; while from theiieriod of its general accepta- 
tion we date the commencement of a new era in chemistry 5 
that is, of the chemistry of to-day. It will thus be understood, 
why I desire to direct most especial attention to the period at; 
which this law was stated and was put to the test ; and why I 
enter upon a detailed account of Lavoisier's experiments, from 
which the accuracy of the principle was deduced. 

Many hold the view that the reorganising effect which our 
science experienced, is to be attributed to the discovery of 
oxygen, which fell — not altogether fortuitously — within the 
period mentioned. This is not the case, however ; and the 
history of chemistry itself furnishes proof of the fact, inasmuch 
as Priestley and Scheele were the discoverers of oxygen, while 
Lavoisier was the reformer of chemistry. I cannot resist the 
temptation to point out how the endeavour was made to bolster 
up phlogiston, and how Priestley and Scheele made every con- 
ceivable effort to bring the astonishing properties of oxygen 
into harmony with the existence of phlogiston (which had never 
yet been demonstrated). 

Priestley discovered oxygen in 1771. He isolated and ex- 
amined it, and the priority of the discovery is his. He 
published a detailed account of it in 1775.^ Scheele's investiga- 
tion appeared two years later, but it has been shown that his 

' Priestley, Experiments and Observations on different kinds of Air, Vol. 
2, London (1775), 29 ; Alembic Club Reprints, No. 7, 5. 
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cperiraents were independent of and nearly simultaneous with 

those of Priestley.- Both chemists employed almost similar 

•nethods for its preparation. They obtained it from mercuric 

oxide, pyrolusite, minium, nitre, etc. Lavoisier also wrote a 

""satise on o.xygen, but Priestley states that he had previously 

informed Lavoisier of his discovery, although the latter makes 

[*o inention of this.' It is to be deplored, but unfortunately 

'' seems to be established, that Lavoisier repeatedly tried to 

appropriate to himself the merits of others. I do not enter 

further into this matter here, because I regard it as inessential 

^ the history of the development of chemistry. A man's own 

P*=fiod is concerned with his personal cjualities, and history with 

"is works. Lavoisier paid with his life both for faults which 

L"*^ Committed and for faults which he did not commit. His 
own time judged him. Posterity may regard him with admira- 
^On and indulgence. 
The different views which were held with respect to o.\ygen 
by its discoverers are of interest to us. 
Priestley, the worshipper of chance, who asserts that his 
greatest discoveries are due to the latter only, and for whom 
every new experiment is a source of new surprises,'' describes in 
detail how he di.scovered oxygen and studied its properties. 
He recognises that combustion proceeds better in this gas than 
in any other, and assumes, further, that atmospheric air owes 
its property of supporting combustion and respiration, to the 
presence in it of the gas which he has discovered. He finds, 
moreover, that it is absorbed by nitric oxide, whence he derives 
a method of determining the quantities of oxygen in mixed 
gases. What does he conclude from all this, however; how 
does he explain these phenomena ? According to him, when a 
substance burns its phlogiston must be able to separate from 

* Nordenskjold (see Carl Wilhelm Scheele, Nachgelasscne Briere und 
Aufieichmmgen, Stockholm (1892), xxi.) even endeavours to prove that the 
priority belongs to Scheele rather than to I'riestley, I)ut with this I do not 
agree. ■■ Priestley, The Doctrine of I'hiogiston established am! that of the 
Composition of Water refuted. Northumberland (iSoo), 88. 'Priestley, 
Experiments, etc., 2, 29, 39, 42, etc. ; A. O.K. 7, 5, 12, 15, etc. 
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it.'' But in order that this may take place the phlogiston mii^'l 
find another substance with which to unite. Combustion **i 
possible in air ; therefore air can take u]) phlogiston, but thJ 
only to a certain extent, for after some time it becomes inca^^^ 
able of supporting combustion any longer. It is then saturate 
with phlogiston. Substances burn in the oxygen gas di.scovert^' '^ 
by Priestley better than they do in air : it is dephlogisticated at 
(a name which Priestley proposes for the new substance) or a ; 
deprived of phlogiston, and it is thus better fitted for taking a 
phlogiston than ordinary air is. The nitrogen, on the othe 
hand, which remains behind after the oxygen of the air hs 
been absorbed {and with regard to which Priestley is aware the 
it neither supports combustion nor respiration) is air saturate 
with phlogiston, or, phlogisticated air. With Priestley the exis 
ence of oxygen was no argument against the assumption 
phlogiston, which he defended till the end of his life. Thusi 
find him at the beginning of the present century, when tt 
majority of chemists had given up the phlogiston theor 
addressing letters to the French Academy from .Ameri" 
(whither he had withdrawn, chiefly on account of his politic 
opinions), in which he requests refutation of his views.^ 
was not difficult to give, and although it was refused him 
the learned French Society, I must not omit to point out \s\ 
is fallacious in his mode of regarding the matter. 

"When a substance burns in air, the latter becomes ph. 
gisticated " — if we burn phosphorus, we obtain phosphoric a« 
(or phosphorous acid), while nitrogen, the phlogisticated 
remains behind. But if we bum a candle, or coal, we obtal] 
mixture (consisting of nitrogen and carbonic anhydride), p>- 
of which can be absorbed by means of alkali, thus e.xhibitia^ 
phlogisticated air, possessed of properties different from tKo- 
of the preceding one. If we burn phosphorus in dephlogisticates'* 
air, nothing at all remains behind — the phlogisticated air va.n- 
ishes. The contradictions to which Priestley's system lead*') 
become manifest when it is applied to the facts known even af 




' Kopp, Geschichlc. I, 
Dcx:trine, cic. x. and xii. 
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that period. Priestley failed to recognise this, because his 
general chemical knowledge was small ; ' because he placed no 
value upon the results obtained by others; and because he uni- 
formly defended, with the most dogged persistence, the ideas 
which he once adopted. 

"What, on the other hand, were Scheele's theoretical views ; 
how did he regard oxygen ? Scheele — the ideal of a pure ex- 
perimental chemist, the discoverer of numberless substances, a 
nnan who carried out the most difficult investigations with the 
^'lost slender resources, who possessed in the highest degree the 
faculty of observation, so that an error can scarcely be found in 
any of his very numerous researches ; — Scheele, who does not, 
as happens to-day even with the best and most capable observers, 
overlook the half of the points, but grasps the phenomena in 
their entirety and examines them one by one, and for whom 
every new experiment forms a mine of great discoveries — what 
'ntellectual progress did he introduce into our science? 

I must, unfortunately, reply that this was very small. His 
Seticral views are so confused that I only enter with reluctance 
Upon the ta.sk of giving an outline of them. 

Scheele laid down his views chiefly in a small work on "Air 

and Fire." The principal difficulty in giving an account of his 

''^pinions is due to the fact that phlogiston, the basis of them, is 

^^ unknown substance, to which he can assign every possible 

Propert)- ; so that sometimes he endeavours to identify it with 

^*^ element which is known to us, while at others he seeks to 

P^ace it side by side with the medium which the physicists call 

^^hcr. In consequence, it often seems as if Scheele adopted 

'he hypothesis of Cavendish and Kirwan, and by phlogiston 

^Idurstood hydrogen,' and yet, on the other hand, this is not in 

^*^cord with many of his other views. With him phlogiston is, 

Senerally speaking, a subtle substance weighing but little, and 

Concerning which he assumes that it is capable of penetrating 

'nc walls of his vessels. He regards oxygen as a compound of 

*ater with a hypothetical saline substance," in which compound 
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there is, according to him, very little phlogiston. During com- 
bustion, the phlogiston of the combu.stible substance escapes, 
along with this .saline sub.stance from the oxygen, in the form 
of heat and light; the other constituent of the combustible sub- _ 
stance — the metallic calx, for instance — remains behind, united H 
to the water of the oxygen. With .Scheele, hydrogen is almost ~ 
pure phlogiston, which, however, contains a small quantity of 
that hypothetical substance (matter of heat) which is also 
present in oxygen. When hydrogen is burned with oxygen, the 
water of the latter separates, and the matter of heat from the 
oxygen unites with the hydrogen — the compound of phlogiston 
with little of the matter of heat — and produces heat and light. ^ 
Thus it was only necessary to add some of that hypothetical ■ 
substance to hydrogen in order to convert it into heat or light. ~ 

Scheele's views are at variance with all the relations by 
weight, about which he troubled himself very little. In 
accordance with his views, the metallic calx, for in.stance, 
should weigh less than the metal plus the oxygen consumed ; 
since the phlogiston of the former escapes, in combination 
with the matter of heat from the latter, as heat and light. 
The assumption of a ponderable matter of heat, which plays a 
great part in his arguments, was at variance with the earlier 
experiments of Boerhave (compare p. 8), so that Scheele, in 
his theoretical views, came nearer to those who would retain 
Stahl's doctrine at any cost, than to those who de.sired an 
explanation of the observed facts, free from preconceived ideas. 
I leave these, however, and 1 do so all the more willingly, 
because 1 now wish to turn to the ideas and observations of 
Lavoisier, which are accessible and comprehensible to every 
one, and constitute the basis of the chemistry of to-day. 

It is not re(|uisite that I should enumerate and describe all 
the researches of this accomplished investigator ; this would 
exceed the claims which any one could make, in such a his- 
torical sketch as I intend to give. On the other hand, the im- 
portance of the philosopher with whom I have now to deal, 
requires that he should be treated of apart from his con- 
temporaries. 
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The characteristic which disdi^uisbes bis researches from 
those of most of the other cheioists of bis time, is the sys- 
tematic consideration of the quantitative relations, which con- 
stitutes, in his hands, a decisive criterion with respect to 
phenomena. Before La%-oisier"s time — and I recall this in- 
tentionally — Rey,'" and after him, Hooke " and Mayow, had 
turned their attention to the increase in weight on combustion. 
The views which they stated, come %-er)- close to the correct 
explanation of the process — Mayow approaching nearest to 
the truth. In Mayow's opinion the real substance which 
affects combustion is the "nitro-aerial spirit" which is present 
in the air and unites with the metal during calcination. (The 
name of this substance is intended to recall its occuuence 
both in nitre and in the air.) For any process of combustion 
there are requisite, according to him, not only inflammable 
particles (which he designates " sulphureous particles "), but 
also the presence of this nitro-aerial spirit, the taking up of 
which explains the increase in weight.'* The establishment 
of the phlogiston theory, which occurred at this period, and the 
acceptance that it met with, show to how small an extent these 
views were then understood, or, indeed, definitely established. 

Notwithstanding this, the priority in the mode of explaining 
the process of combustion cannot be claimed for Lavoisier. 
At the same time, the latter did not obtain his views from the 
chemists above mentioned, whose work.s were not widely dis- 
seminated, and were disregarded. But what places I.avoisier 
before any of them is the fact that he not only stated, as they 
had done, an idea which could be emjiloyed to explain some 
phenomena, but that, with the balance in his hand, he also 
\-indicaled, by means of a series of brilliant investigations, the 
universality of the principle of the conservation of matter. He 
thus proved that he possessed not only a speculative head 
that he was also a scientific thinker and worker, who tes' 
views by means of intelligently conceived experimen 
from these, further created new ideas. 

'• .'Uembic Club Reprints, No. u. " Ibid. No. 5. 
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It cannot be asserted, at least I have not buen able to rea 
it out of Lavoisier's works, that he stated the principle of tl 
indestructibility of matter as an axiom. But he recognised tt 
truth of tlie law, for why, otherwise, should he have had cot 
stnicted for one of his first investigations, "On the Conversic 
of Water into Earth," a balance which surpassed in accurac 
everything that was known at the time in such instruments 
He recognises the truth of the principle, but he does not stal 
it. Proof lies with experiments, and nut in words, and so I: 
holds back until a suitable opportunity ; just as he held bac 
the attack upon the phlogiston theory until he saw that tk 
moment had arrived when, with a single blow, he could ove 
throw the house of cards, held together as it was, by decayir 
preconceived notions only. Accordingly we find his ides 
about this fundamental doctrine expressed in his works om 
here and there, where it is necessary for him to furnish, 
once, grounds for an opinion, the experiments in support 
which are not yet completed. An instance is furnished, E 
example, in his first treatise on the composition of water (whL, 
substance he finds to consist of hydrogen and oxygen), whts 
he would like to prove that the weight of the water produc 
by the union of hydrogen and oxygen is equal to the sum of C 
weights of the two gases employed — a point which he had not^ 
that time, established by experiment. He there states that t' 
necessarily follows, since the whole is equal to its parts," » 
nothing but water is produced by the combustion. At tl 
time the priority of this discovery was disputed, and had, wi 
out injustice, been ascribed to Cavendish and not to l^voisi 
As it appears from a letter of Blagden's ^* and also fronf 
letter from Laplace to De Luc,'"' Lavoisier was aajuainl 
with Cavendish's investigation prior to his own experimeii 
and hastened to publish his results. It is in this way that 
obtain knowledge of a fundamental doctrine which had lo 
been clear to him, but w^hich was only at once adopted bj 
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very few chemists. At a later date Lavoisier expresses himself 
still more distinctly, stating that the substances employed and 
the products obtained can be brought into an algebraical equa- 
tion ; and that if any term is unknown it can be calculated.'* 
This is the first idea of those equations which we now employ 
daily. 

Still we do not foresee the course of the development of this 
great thinker's ideas, if we follow him, in a general way at 
lea.st, from his first experiments onwards. It may be said, how- 
ever, that the development of his views is that of the chemistry 
of his period. 

One of Lavoisier's earliest investigations deals with the 

supposed conversion of water into earth.'" He points out the 

inaccuracy of this suppo.silion, which was generally held at the 

time. It is interesting to follow him in his experiments. He 

seals up a quantity of water in a glass vessel, which was known 

^t that time as a pelican, and is so arranged that a glass tube 

■^'hich is fused on to its neck above, leads the condensed water 

"S-ck again into the iiody of the vessel. He weighs this empty, 

and then with water in it, after closing the single opening by 

"^cans of a glass stojjper. He then distils the water for a 

hundred days. The formation of earth appears after a month, 

"Ut he proceeds with the distillation until the quantity formed 

^cems to be sufficient. He now weighs the apparatus again, 

'^^d finds it to be just as heavy as before ; whence he concludes 

'^*t no fire material has penetrated it ; for otherwise, he con- 

*'ders that the weight must have been increased. He next 

''pens it, weighs the water along with the earth, and finds its 

*^^'ght increased, but that of the glass diminished. This leads 

'"m to the assumption that the glass has been attacked by the 

"ater, and that the formation of earth is not a conversion but 

^ "Ccomposirion. His conclusions accord exactly with his ex- 

P^'''rnents; yet he does not permit himself to be blindly led ^ 

"y Ihem. Thus he finds the increase in the weight of tb 

*''ater to be a few grains more than the decrease in the wei^ 
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of the glass. Another person might perhaps have concluded 
from this that there had been a production of matter ; Lavoisier, 
however, explains it as an error of experiment. Although this ' 
is a bold view for the period, yet it shows that he is guided by 
profound ideas, and understands how to criticise his own experi- 
ments. All later investigations have confirmed the accuracy of 
his explanation. 

Scheele,'" on his part, was occupied about the same lime, with 
similar investigations, and arrived at ihe same resuit.s ; but the 
mode in which the Swedish chemi.st conducts the experiment is 
very difTerent. He analyses the earth and finds that it consists of 
the .same substances as the glass in which the water was heated. 

A later paper of Lavoisier's treats of the increase in weight 
on combustion. As early as 1772, he hands in to the French 
Academy a sealed paper, in which he shows that the products 
of the combustion of phosphorus and sulphur are heavier than 
the substance burned. This he attributes to an absoqjtion of 
air {of air, because oxygen had not then been discovered).'" In 
an investigation on the calcination of tin,^" he causes this opie- 
ration to take place in closed vessels ; these he weighs before 
and after, without observing any difference ; whence he con- 
cludes that no fire material is taken up. He shows, further, 
that the metal has increased in weight by just as much as the 
air has lost. 

Oxygen lis discovered shortly afterwards, whereupon Lavoi- 
sier repeats The experiments of Prie.stley and of Scheele; but 
his conclusions are totally different from those of the two other 
chemists. He is already prepared for this discovery, and, with 
him, it becomes the foundation of a new theory. Oxygen he 
at once recognises as that part of the air which unites with the, 
combustible substance during its combustion : and he calls it 
" air hninemment res^irahle." In the same paper he shows that 
fixed air is a compound of carbon with this air, and that the 
latter is also contained in nitre," 



" Dumas, Lemons. 129. 
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Some time afterwards, in 1777, he advances a complete 
'^eory of combustion.^- He says : — 

1. Heat and light are disengaged during every combustion. 

2. Substances burn only in pure air. 

3. This is used up in the combustion, and the increase in 
W'eight of the substance burned is equal to the loss in weight of 
"^<2 air, 

4. The combu.stible substance, by its combination with pure 
^ir, is usually converted into an acid ; the metals, on the other 
"3-iid, are converted into metallic calces. 

In a paper on the composition of nitric acid, I^voisier tries 



prove, in the case of this acid also, the last of the above 



to 

^^^tements, which is of importance later when w^e come to deal 
^^*ith theories of acids.-' He there shows that this acid con- 
'-^ins oxygen, while he is not aware that it contains nitrogen. 
* Vie latter fact was discovered a fewyeais afterwards by Caven- 
•^.ish, on passing electric sparks through mixtures of oxygen and 
"nitrogen,"'' whereby nitric acid was obtained. 

lavoisier at this time groups together the facts that carbonic 
**-^id (carbonic anhydride) consists of carbon and oxygen, sul- 
r>liuric acid (sulphuric anhydride) of sulphur and oxygen, phos- 
r>lioric acid (phosphoric anhydride) of phosphorus and oxygen, 
**Md nitric acid of " a/V nilreux" (nitrous air, i.e. nitric oxide) 
«*-tid oxygen. He further shows that an acid is obtained by 
t^reating sugar with nitric acid (that is, by supplying oxygen), 
*nd from this he concludes that Priestley's dephlogisticated air 
'Bust contain the acidifying principle {Principe acidifiani — 
Principe oxygine)?^ From this time onwards, he regards all acids 
as consisting of a basis, or radical, and of this prindpe oxygine. 
His " air pur" on the other hand, besides this acidifying prin- 
ciple, contains also the " matiere de chaleur" (matter of heat). 

It is certainly remarkable to find even Lavoisier speaking of 
a fire material, which he afterwards designates " calorique" and 

ifi cation. 



expla 



signir 
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The " maiiire dufeu " is not possessed of weight. Lavoisier 
shows this by burning phosphorus in closed vessels, whereby 
heat is liberated but no loss of weight takes place.'-** Further, 
he causes water to freeze in closed vessels, and here, likewise, 
he finds no change of weight. Since he is aware, from his own 
experiments, that heat is disengaged in the process, he con- 
siders that he is justified in assuming that heat has no weight. 
A better notion of what Lavoisier calls " matiire du feu " will be 
obtained by my stating his views on the constitution of matter, 
which I take from his "Reflexions sur le Phlogistique." -" 
According to him, matter consists of small particles which do 
not touch one another, since, otherwise, a diminution of volume 
by lowering of temperature could not be explained : *• the 
matter of heat exists between these particles. The hotter a 
substance is the more of the matter of heat does it contain. 
In the investigations into the specific heats of various sub- 
stances, carried out along with Laplace, l^voisier further proved 
that, for a like increase in temperature, substances do not lake 
up like (juantities of the matter of heat.-"' Into the considera- 
tion of these experiments, as well as into those on the heat of 
combustion,^" I do not enter here. Lavoisier knows that, by 
the addition of heat, ice is first converted into water, and the 
water then into steam. Hence gases contain most of the 
matter of heat. This is what we should understand when he 
says that his " air pur " consists of the acidifying principle and 
the matter of heat. During combustion the former unites with 
the combustible substance, and the matter of heat is liberated. 
It produces heat and light. 

The following statement is very characteristic of Ijavoisier's 
standpoint : ^^ — " Heat is the energy which results from the im^ 
perceptible movements of the molecules of a substance ; it is 
the sum of the products of the mass of each molecule into the 
square of its velocity." Here we find hira in complete agree- 



'■" Lavoisier, Ocuvres. 2, 5lS. 
Lavoisier, Trait<! dt Chimie. I, etc. 
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ni«snl with the fundamental doctrines of the mechanical theor)' 
of" heat. His views with respect to the heat disengaged during 
combustion, although not quite accurate, are also of great 
irr^ portance. He considers'- that when a solid substance 
(pl-iosphorus) burns in a gas (oxygen), and the product of the 
combustion is solid (phosphoric anhydride), the disengagement 
of lieat is due to the condensation which the gas has undergone, 
u^ crder that it may become solid. If the product is gaseous 
v^^rbonic anhydride), he attributes the disengagement of heat 
'c> the alteration of the specific heat. He advances the general 
v»«iwthat the heat of combustion must he greatest when two 
gii-ses unite to form a solid substance. How correctly he under- 
^'^'^od the application of these fundamental ideas, is shown by 
'*»Smode of explaining the lowering of temperature produced 
_ V" dissolving .salts in water. Lavoisier assumes, as we do, that 
'*- is the change of state of aggregation which occasions the 
^tisorjition of heat.'" He shows, further, that the evolution of 
^^at which occurs on mixing sulphuric acid with water, is 
^*^companied by a decrease in volume, and that both maxima 
'^'^incide; so that theor)' and experiment agree. 

I must not, however, enter too deeply into these matters, 
^'^liich belong, partly at least, to physics; and, therefore, I 
*'eturn to his purely chemical investigations. 

Lavoisier adheres to Boyle's definition of an element,'^ 
^hich we retain to-day. With him, an element is any sub- 
stance which cannot be further decomposed. '* AVTiat the signi- 
ficance of this definition is, and of what iiTi|)ortance this idea 
of an element has become for the whole of natural science, has 
been specially pointed out by Helmholtz.^ 

The metals were first regarded as elements by Lavoisier.'" 
In a long paper he contests the prevailing view, which a.ssumed 
the existence of phlogiston in the metals. These interesting 
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disquisitions, which contain the annihilation of the preceding 
system, only appear towards the end of his short and brilliant 
scientific career. At first there was no explanation forthcoming 
for a series of phenomena which were in agreement with Kirwan's 
phlogiston theory. I refer to the behaviour of the metals 
towards acids ; to the hydrogen liberated ; and to the reduc- 
tions carried out by Priestley by means of hydrogen. It is 
only after the composition of water has been ascertained by 
Cavendish, Watt, and Lavoisier,"*' that Laplace arrives at the 
idea fas Lavoisier relates "") that on dissolving metals by means 
of acids, water is decomposed — that the hydrogen is, therefore, 
evolved from the water, while the oxygen of the latter unites 
with the metal to form an oxide. The phenomena of reduction 
now become clear also. The hydrogen unites with the oxygen 
of the metallic oxide, forming water, and the metal remains 
behind. I^voisier tries to prove all these points by a series of 
excellent experiments. His investigations upon the decom- 
position of water, are, especially, of extreme interest.'"' He 
passes water vapour over weighed iron turnings, heated to red- 
ness, and collects the hydrogen in an eudiometer. In this case 
also, he weighs everything — the water, the gain of the iron, and 
the hydrogen. In this way, he succeeds in finding out the 
quantitative composition of water ; and the latter, along with 
the quantitative composition of carbonic anhydride, which he 
determines somewhat later, ■'i constitute the starting point for 
his researches on organic analysis.*- 

I wish to say a few words at least with regard to these 
researches ; since, even although the numbers obtained are not 
very exact, the methods are so important tliat I cannot pass 
them by unmentioned. 

Lavoisier places a weighed piece of charcoal in a dish, 
under a bell-jar containing a measured volume of oxygen, and 



" With respect to the part played by each in this most important dis- 
cover)', compare Kopp, Die EnldeckungderZusammensetiungdes Was.sers. 
Beitrage. 3, 235. " Lavoisier, Oeuvres. 2, 342. " Ibid. 3, 360. 
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Standing over mercur>'. Besides the charcoal, the dish con- 
tains a trace of phosphorus and tinder. By means of a bent, 
red-hot, iron wire, he ignites the phosphorus, which communi- 
cates the combustion to the tinder, and thus to the charcoal. 
After the combustion of the latter has ceased, he takes out the 
I dish and weighs it, and so finds the quantity of the charcoal 
burned. He measures the volume of gas in the bell-jar, absorbs 
the carbonic anhydride by means of potash, and measures 
again. In this way he obtains the volumes of the carbonic 
anhydride produced and of the oxygen employed in the com- 
bustion ; and hence, all the data necessary to calculate the 
composition of carbonic anhydride. 

This he makes use of in carrying out the analysis of organic 
substances, such as spirit of wine, oil, and wax. He had 
satisfied himself, at an earlier date, that water and carbonic 
anhydride are alone produced by the combustion of these 
substances, whence he had quite correctly concluded that they 
contain carbon, hydrogen, and oxygen only. In the estimation 
of their quantitative composition, Lavoisier employs an appa- 
ratus similar to that indicated above. For example, he places 
a spirit lamp, which he weighs before and after, under the bell-jar, 
and burns some of the spirit ; he also determines the quantities of 
carbonic anhydride produced and of oxygen employed, and from 
these data he is able to calculate the composition of the spirit, 
With this I shall close the consideration of Lavoisier's 
chemical investigations. A superficial estimate of his merits is 
all that I have been able to give. It is only by a minute study 
of his works that any complete idea of his significance, and 
any proper understanding of how much our science owes to his 
great intellect, can be obtained. There are, however, certain 
directions of his activity that I have not even mentioned, as, 
^^6r example, the researches on respiration, about which I still 
^bish to say a few words. Priestley already knew that oxygen 
^^Kas necessary for respiration.** Lavoisier shows how it is usf* 
^up in the lungs, in the formation of carbonic anhydride an 
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water, and bow this process, which he properly classes as 
of combustion, furnishes to man the heat necessary for 
existence. ■'■' He demonstratu.s that the expired carbonic an I 
dridc derives its carbon from the blood itself; that in the p''' 
cess of respiration we thus, to a certain extent, bum ourselv^"-^^ 
and would consume ourselves if we did not replace, by mear^* 
of our food, that which we have burned. Since he next fmd^ 
by special experiments, that in strained activity the breathin ^ 
is ha.stened, and that the consumption of carbon is thereby 
increased, he arrives at the conclusion that the poor man, com -^ 
pelled as he is to work, con.suraes more carbon than the indolent^ 
rich man ; but that the latter, by an unfortunate circumstance 
in the division of worldly possessions, can satisfy his smaller' 
requirements — and that too by means of better food — much 
more readily than the poor workman can. He therefore calls 
upon society to remedy this evil by means of its institutions, to 
improve the lot of the poorer classes, and in this way to smooth 
away, as far as possible, those inequalities which apparently are 
established in nature. He closes this ingenious treatise with 
the words : ^'■' — 

" It is not indispensable, in order to deserve well of humanity, 
and to pay his tribute to his country, that a man should be 
called to those public and pompous functions which co-operate 
in the organisation and regeneration of empires. The physicist, 
in the quiet of his laboratory and of his study, can also exercise 
patriotic functions ; he can hope to diminish by his labours the 
many ills which afflict the human species, and to increase 
human pleasures and prosperity. And if he should only con- 
tribute, by the new methods which he may have shown, to the 
lengthening of the mean age of man by a few years, or even by 
a few days, he also may aspire to the glorious title of benefactor 
of humanity." 

His own time rewarded him badly for his endeavours. — 
Four years later, in 1794, he was guillotined by order of the 
Revolutionarj' Committee. 



** Lavoisier, Ocuvres. z, 331. 
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LECTURE III. 

'-Wbimical Nomenclature — Tables ok Affinitv — Bkrthoi,let's 
"Views — Controversy regarding Constant Composition. 

*^'* >will readily be understood why a new era dates from Lavoisier, 
^'^d why the latter is designated the reformer of chemistry, if 
^e consider what were the theoretical views held before his 
^>wie, and what they were at the period of his death. 

Lavoisier lived to have the satisfaction of seeing hist views 
generally recognised, in France at least ; they gradualty gained 
ground also in England and in Germany, where his^ worttn 
were translated, so that it may be justly said that phloj{istf»n, 
at the beginning of the present century, had disappeared from 
scientific works. 

Lavoisier not only overthrew the old theory, but it i* hin 
chief merit that he introduced a new one in its place, antl it \» 
perhaps advisable to state here the most important headn ni bin 
theory. 

1. In all chemical reactions it is the kind of matt<.-r iilorx: 
that is changed, whilst its quantity remains conxtanl ; rodw- 
quently, the substances employed and the prrxluc-t» ubuirxd 
may be represented by an algebraic equation in whu:h, if lh«-n' 
b any unknown term, this may t^>e calculated, 

2. In the process of combustion the Irtjrning d * ';»»»'<^ 
unites with oxygen, whereby an add is usually prtAw "I In 
the combustion of the metals, metallic cal';«« av. \frtx\i»"A 

3. All acids contain oxygen, united, a» \f, ti%]iftTVf< li, *Mi 
a basis or radical which, in inorganic stifntain'/r*, h «n»#l(y mt 
element, but in organic substances i» '^DifKufsfJ <4 'Ju^Mm mui 
hydrogen, and frequently contains alv> nitr<>j(A,-r* '/t i4ff*iAi'fntkt^ 

If we contrast these three statemntt% wHi* tiM', fUf^t 
phlogistians, i.e., with the theorks wbkli f/r'iVMiM fi 
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lyavoisier, we shall appreciate the reformation introduced by 
him into chemical science. The direction of chemical thought 
was entirely changed, and the facts hitherto ascertained appeared 
in a new light. It was necessary, in a sense, to translate them 
in order to understand them, and as it was recognised that a 
new language was required for their proper comprehension, 
the need of a system of chemical nomenclature made itself 
apparent, 

I pass over all the attempts which had been made prior 
to this period to secure a uniform mode of expression, as 
these did not lead to any results worth mentioning, and as 
they occurred during a period to which I can only slightly 
refer. I wish, however, to mention that Bergman repeatedly 
approached the French chemists with a view to securing 
uniformity in the naming of substances. In 1782 Cluyton 
de Morveau, probably stimulated by Bergman's suggestions, 
travelled to Paris, and laid before the Academy there a pro- 
posed system of chemical nomenclature. This system con- 
tained much that was new and good ; but it could not secure 
the approval of the principal chemists of the period, as it 
assumed the existence of phlogiston, which even at that time 
was vigorously contested by I^voisier. The latter afterwards 
succeeded in convincing (iuyton of the accuracy of his new 
views. Guyton agreed to reconstruct his system, and in 1782, 
in conjunction with Lavoisier, Berthollet, and Fourcroy, he 
published the Nomenclature Chimique. As this system em- 
bodies the principles and constitutes the basis of the chemical 
nomenclature now employed, I cannot pass it by without men- 
tion, and I shall therefore state at least its more important 
features. In doing so, it will frequently be necessary to em- 
ploy French words. For practically all of these there are exact 
English equivalents. 

Substances are all divided into elements and compounds. 
Amongst the former there are included all those substances 
which could not then be further decomposed, and these are 
classed under five headings. Of these headings the first em- 
braces those bodies which are of very common occurrence, and 
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whose behaviour seems to indicate that they are not decom- 
posable. Examples of these are: — i, Heat (Calorique) ■. 2, 
Light ; 3, O.xygen ; 4, Hydrogen ; 5, Nitrogen (Azote). The 
second class contains ihc acidifiablc ba.se.s, such as sulphur, 
phosphorus, carbon, &c. The third embraces the metals ; the 
fourth the earths ; and the fifth the alkalies, which, as is well 
known, had not at that time been decomposed. The names 
of the substances belonging to the second, third, and fourth 
classes are for the most part unchanged ; the alkalies are 
called potash, soda, and ammonia.' For all these substances, 
which, with the exception of ammonia, weie regarded as ele- 
ments, the authors observed the principle of designating each 
by a single word. 

The radicals constitute an appendix to ihe elements. These 
are substances which they regard as decomposable, but which 
hibit certain resemblances to elementary bodies. 

Next come the binary substances, consisting, as they do, of 
o elements. The acids occur in this class. .According to 
the theory of Lavoisier, the acids ail contain oxygen. Their 
lames are in each case composed of two words, of which the 
rst is common to them all and indicates their acid character 
{acide), while the second is a specific name indicating the 
element or radical occurring in each. Thus we have acides 
sul/uri(/ue, carhoniqiK, plwsphoriqtie, nilriijue, etc. Two acids 
containing the same element or radical are distinguished by the 
different termination of the specific name ; that containing the 
smaller proportion of oxygen receiving the termination eux, 
whereby such names as acides siil/ureux, nitreux, etc., are 
obtained.' Hydrochloric acid is called acide miiriatique, and 
the existence of oxygen in it is assumed ; while oxygen is sup- 
]>osed to be present in still greater quantity in chlorine — the 
acide muriatique axixeni.^ 

The names of the binary subst.inces of the second group, 
i.e., of the basic compounds containing oxygen, are formed in 
a manner exactly similar. For these the general designation 



* 



* Nomeoclalure Chimique. 67. '■' Ibid. 85-86. 
C 



» Ibid. 87. 



34 



History ov chemistry. 



[lecture 111. 



oxides is introduced, and to this word ihc specific nanit^ is 
appended in tlie genitive ; for example, oxide de zinc, oxid^^ it 
plomb, etc. 

The remaining binary compounds are distinguished as: 
sulphur, phosphorus, carbon, etc., compounds, and receive thi 
class names : sul/ures, pkosphures, carbures, etc. 

Compounds of the metals with one another are ca — lied 
alliages (alloys), the expression ainalgames being retained, br^ow- 
ever, for mercury alloys. 

Amongst the ternary compounds, the salts alone neecJB- be 
mentioned. They obtain their class names from the acids tr Tom 
which they are derived, and are called accordingly : sulf^aks, 
nitrales, phosphates. The termination ate becomes ite wher^ the 
salts are derived from the acid poorer in oxygen instead of t~Tom 
that richer in oxygen. The name of the base is appended ^ for 
example, sulfate de zinc, de hary'te, etc. When the salt has an 
acid reaction, the word acidule is employed ; on the other biand 
they call basic salts sursaluri de soude, etc.* Relatively few 
double salts were known at that time. The designation intro- 
duced for these was not very convenient ; for example, tartar 
emetic was called '^ iarlrite de potasse tenant d'anlimoinc 
(tartrate of potash containing antimony). 

This general review may suffice. Berzelius, as is well knoir *^' 
considerably extended these beginnings of a rational nome *'" 
clature, and I shall refer to some of his improvements iC^^" 
expansions when considering his period. 

On comparing the science of to-day with what I stated :^^ 
the preceding lecture regarding Lavoisier's views, it will t^ 
possible to judge of the extent to which the latter have be^^ 
retained. Lavoisier's theories required modification on sever-;^* 
pwints ; but on others his ideas were attacked without resu^- ^ 
since it has been necessary to return to them agam. Thi.^-^* 
Lavoisier's theory of acids is now abandoned by the majori"*^.) 
of chernists. The introduction of the new views only toC^^ 
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Jlace, however, long after his death, and therefore I postpone 
he consideration of this matter to a later lecture. We must 
)ccupy ourselves here with another attack upon Lavoisier, 
vhich was eventually decided in his favour; and iS of im- 
)ortance on this account, that through it a strict separation of 
nixtures from compounds was first brought about. 

This attack had to do with the question whether chemical 
:ombinations are possible in all proportions, or whether sub- 
tances can combine in certain fixed proportions only. The 
atter view, as is evidenced by many of his investigations, 
s-as assumed by Lavoisier ; and indeed it seems to have been 
.ccepted as self-evident by all the chemists of his time, without 
»aving been proved. But a book appeared in 1803 which 
Lttracted the greatest attention in the scientific world, both on 
Lccount of its contents and of the form in which these were set 
brth ; and in this book, amongst other things, the constancy 
>f chemical proportions was denied, on the ground both of 
iheoretical speculation and of experimental investigations. 

The work to which I refer is Berthollet's Statique Chimique, 
ind if I am to render intelligible the importance of the attack 
which it contains, I must give at least a slight sketch of 
Berthollet's extremely interesting general theoretical ideas. 1 
axtract these from the work just mentioned, and from some 
Scattered essays by its author up)on the same subject.* 

Berthollet's book will always be of importance in chemistry, 
chiefly because the fundamental doctrines to which the author 
subordinates all chemical reactions, are the principles of me- 
chanics and of physics ; and these must necessarily possess a 
value in chemistry. And even although many of Berthollet's 
conclusions do not harmonLse with experiment, and have long 

since been disproved, still this does not damage the basis of his 

conceptions. 

The work as a whole is chiefly directed against the false 

view which had been adopted with regard to the affinities of 

substances; and against the misuse which was made at the 
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time of so-called tables of affinity. The latter were tallies which 
purported to express the strength of the affinity of substances, 
and they had been drawn up by a large number of chemists. 
The earliest originated with Ckjoffroy," and dated from the year 
1718. It consisted of various tables in which the other sub- 
stances were so arranged with respect to a particular one, that 
each preceding substance always decomposed the compound 
which the next succeeding one formed with this particular 
substance. Thus, for example, his table for acids in general 
ran: fixed alkali; volatile alkali; earths; metals. The con- 
struction of such tables was one of the chief occupations of 
chemists in the middle of the eighteenth century. Wiih them 
they associated the erroneous view that the affinity of one sub- 
stance towards another is invariable ; and it was only by degrees 
that chemists were convinced that this was an error. In 1773 
Beaume pointed out that the affinities were different at ordinary 
and at very high temperatures (in the wet and dry ways), and 
that for each substance it would thus be necessary to construct 
two tables which should express its behaviour towards all other 
substances under these two difTerent sets of conditions.'' Berg- 
man undertook this task," and it is truly astonishing what enor- 
mous pains he took in carr)'ing it out. For each substance he 
constructed two tables, in which he compares its behaviour 
towards fifty-eight others, and these latter were so arranged that 
each preceding substance decomposed the compound which 
the next succeeding one formed with the particular substance 
concerned. From these tables it was, seemingly, possible to 
foretell the results of all reactions ; hence they were held in 
great esteem. When a new substance was discovered, such 
a table of affinity was at once constructed for it, and even 
I.Jvoisier respected this usage on the occasion of his investi- 
gation of oxygen, although he pointed out at the time that a 
similar table would really be required for ever)' degree Qf_ 
temperature.'" 



} 



' Kopp, Geschichte. 3, 296. 
'" Lavoisier, Oeuvres. 2, 546. 



' Ibid. 2, 299. 



Ibid. 3, 301. 
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BerthoUet, however, is the first to point out the error to 
which chemists had comniittod themselves in drawing up these 
tables. He destroys their significance by advancing the doc- 
trine that the effective action of a substance is related to its 
mass. 

BerthoUet illustrates, especially by reference to salts, the 
laws in accordance with which chemical compounds are formed. 
He assumes that the same chemical effect is always connected 
with the neutralisation of any given quantity of a particular base 
(or acid). He represents this effect as the product of the 
affinity A, and the saturating capacity S (that is, for example, 
the quantity of acid necessary to neutralise a unit of weight of 
alkali). This gives — 

AS= Constant 
A = Constant 



^ 



that IS, the affinities of two acids are inversely proportional to 
leir saturating capacities," or just the reverse of what Berg- 
,n had regarded as correct. ^^ 

But, according to BerthoUet, the quantity Q of any sub- 
stance present exercises, quite generally, an influence upon the 
chemical action, which he considers to be proportional to the 
product of Q into the affinity of the substance. He calls this 
product the chemical mass.'^ In the case of acids, the chemi- 
cal mass may also be stated as proportional to the product of 
e saturating oipacity S into Q, the quantity present, as 
TthoUet likewise points out.'* 

The effects produced by aflinity do not, however, depend 
exclusively upon the chemical mass : they are varied besides 
by the state of condensation of the substance concerned, and 
are subject, therefore, to the physical conditions of the experi- 
ment (to the pressure, temperature, etc.). As regards the state 
of condensation of matter, it is, according to BerthoUet, a con- 



" Berthollel, Slatiijiie Chimique. I, 71 ; E. I, 45. 
cbichte. 3, 314. " SUl. Cbim. 1, 72 : E. I, 45. 
E. t, xxiv. 
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»et|Uonre of the two opposed forces, cohesion and elasticity. 
The prt'dominance of the former brings about the solid state, 
uiul lliut of the latter, the gaseous state; while in liquids a 
ImIuiuv exists between the two. If all acids were in the same 
stttto of condensation, then that one should be regarded as the 
!«trt>n(^'St, of which the smallest quantity is necessary to saturate 
a givon weight of a base ; or, as we should now say, of which 
tho tHjuivalent is smallest. 

Ucrthollet applies these principles especially to simple and 
to <louble decompositions. According to him, when we add an 
ncid to a di.ssolved salt, a partition of the base takes place 
U'twocn the two acids in the ratio of their affinities, that is, in 
\\\C ratio of their fttasse chimiijue}^ Both salts and both acids 
nri> thus present in the solution ; yet this only holds when both 
saUs possess approximately the same solubility, because a 
iNilancu is then established which is dependent not only upon 
tlu> strengths of the acids, but also, and in particular, upon the 
quantities of each present. He further draws attention to the 
fttct that conviction as to the accuracy of this view cannot b< 
obtained by evaporating the solution and permitting the salt 
to crystallise out, because as soon as the quantity of water • 
no longer sufficient for complete solution, the phenomena whic 
take place depend chiefly upon the forces of cohesion ai 
cr)'stallisation, that is, upon the different solubilities of t 
substances.'* 

Thus, upon crystallising out after mixing a solution 
potassium nitrate with sulphuric acid, the more sparii 
soluble salt {>otassium sulphate is alone obtained ; whei 
according to BerthoUet, potassium nitrate and potassium 
phatc are both present in the solution. 

When one salt is much more soluble than the other 
the less soluble one that is principally formed ; and if < 
quite insoluble, there is no partition, but complete decoi 
tion. In this way BerthoUet explains, for example tibi 
plete precipitation of barium nitrate by means ' "* 
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acid. The barium sulphate, in consequence of its insolubility, 
is removed from the reaction ; a constantly progressing parti- 
tion taking place until the whole of the barium sulphate is 
precipitated. 1" 

A similar thing occurs in the cases of volatile acids or 
bases. In this case also a partition takes place, in the ratio of 
the masse chimique ; but as one product (carbonic anhydride, 
for example) escapes, the decomposition proceeds to the end.** 
Nevertheless, it is only in cases of extreme preponderance 
of cohesion (insolubility) or of elasticity (volatility) that com- 
plete decompositions are observed. Cases of partial decompo- 
sition are far more frequent. Thus, according to Berthollet, 
calcium salts cannot be completely precipitated by means of 
oxalic acid.i" 

His views regarding double decomposition are similar. 
Four salts are, in general, produced in these cases, and the 
formation of two only is confined to cases where the cohesion, 
or solubility, is totally different. 

This furnishes the explanation of the so-called reversible 
reactions. Amongst these reactions there are, in the first 
place, the various crystallisations which may be obtained at 
different temperatures from the same mixture of salts, if 
these salts possess solubilities which vary greatly from one 
imother with changes in temperature. Berthollet adduces 
several examples of this kind,^ and I shall mention one of 
'hem. If a solution contains soda, magnesia, sulphuric acid, 
*nd hydrochloric acid, Glauber's salt crystallises out from it at 
* yer^ low temperature (o° C), whereas sodium chloride is ob- 
l^med on evaporation. Hence, at o°, magnesium sulphate and 
^um chloride must change into sodium sulphate and mag- 
nesium chloride, whilst at high temperatures the reverse takes 
place. 

_h the same way Berthollet is also able to explain the phe- 

>» Ann. Cbim. 36, 314. '» Stat. 
<«t.lOZand 129-130 ; E. i, 
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nomena which are denuminated, according to Bergman's views, 
by the affinities " in the wet and dry ways." Thus, for example, 
dis.solved silicates are decomposed by almost all acids, whereas, 
on the other hand, silicic acid drives most acids out of their 
salts at a red heat. 

Hut Berthollet goes still further. Cohesion determines not 
merely the nature of the compound formed, but also the pro- 
portion.s in which combination takes jilacc. His conception of 
a chemical compound is not associated with the constancy of 
proportions which had been assumed prior to his time. On 
the contrary, there e.^ist, in his view, chemical compounds with 
all possible proportions ; -' and it is only special reasons, such, 
for example, as considerable condensation on combination (that 
is, change in the cohesion of the constituents) which occasion 
constant proportions. Thus hydrogen only combines with 
oxygen in a definite proportion because water, the product of 
the combustion, is liquid, and the contraction which takes 
place presents too great an obstacle to the production of other 
compounds.^ But if, on combination, there is no change in 
cohesion, or only a slight change, then compounds are formed 
with variable proportions. As examples of these he mentions 
alloy.s, glasses, and solutions. He says that in these cases the 
limits are determined solely by the quantities required for mutual 
saturation, but that, between these limits, the most varying 
proportions occur. ^' 

It will be observed that Berthollet thus classes solutions 
and alloys amongst compounds, and it will now be understood 
how be was able to distinguish among.st them some with* vary- 
ing proportions. But it is much more remarkable that Ber- 
thollet also assumes variable proportions amongst the oxides. In 
one of his essays upon the laws of affinity,''' in which he speaks 
of metallic precipitations, he assumes, in accordance with his 
principles, that the two metals distribute themselves over the 
oxygen : there are thus formed, according to him, oxides con- 
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373-374 i E. I, 282-283, '■" Ann, Chim. 37, 22J, 



LECTDRE III.] 



HISTORY OF CHEMISTRV. 



4« 



taining different quantities of oxygen. He afterwards develops 
his views upon this point still more clearly.^ He says : " I 
have to show, then, that the proportions of oxygen in the 
oxides depend upon the same conditions as those in other 
compounds ; that these proportions may vary progressively 
from the limit at which combination becomes possible up to 
that at which it attains the highest degree." The limits them- 
selves he regards as determined by circumstances of cohesion. — 
In the same way he believes in the existence of salts with vary- 
ing quantities of base. If the base is precipitated, by means of 
an alkali, from a salt with an insoluble base, he supposes that a 
certain quantity of acid is precipitated along with the ba.se, and 
that this quantity is variable.™ In short, compounds with con- 
stant proportions are, according to Berthollet, exception.s, and 
the proportions in which substances combine are, as a nile, 
dependent upon the conditions of the experiment. 

If we summarise Berthollet 's views once more, wc may 
say that affinity appeared to him to be a force identical with 
gravity,-" whose phenomena are more varied only because it 
sets the molecules themselves into motion, and its effect.^ are 
dependent upon the size and shape of the particles. In apply- 
ing these physical principles to chemical reactions, he arrives 
at the conception of chemical mass, which he defines ax the 
product of affinity and quantity present 'I'he chemical effects 
depend upon the magnitude of this chemical mass, and «i[)on 
the cohesion of the substance, that i.s, upon its solubtliiy and 
its greater or less volatility. 'J'his then leads him further to 
two general conclusions : — 

1. Tables of affinity are useless, since in them affinity in 
assumed to be constant and independent of physical conditionii, 

2. There are compc "ds with var)-ing, and proj{re»»ively 
increasing proportions c^ t constituents. 

The first of these c/ ins is adopted generally, ami Wo 

find that the tables of affinity disappear soon after 



» Slat. Chim. 2, 370 ; E. 2, 316. 
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ance of Berthollet's Statique Chimique. The second, on the 
other hand, meets with vigorous contradiction ; Proust, a 
fellow-countryman of Berthollet's, especially opposing the views 
there stated. Thus there arises that renowned controversy 
between these savants which is remarkable not only for the 
talent which the opponents exhibit, but also for the extreme 
politeness which is observed on both sides. 

Berthollet was at that time held in high esteem by the 
scientific world. The sagacity which he had manifested in a 
high degree in the working out of his book was justly admired. 
It will be understood, then, that it was no small undertaking to 
attack views which be had stated with much confidence, and 
had endeavoured to prove by experiments. At the same time 
I may state here that the experimental part, especially, of the 
Statique Chimique leaves much to be desired. When Berthollet 
asserts that in the oxidation of the metals oxygen compounds 
are formed with widely varying proportions, the reason of this 
is that he analysed the crude product directly, and did not 
first try to satisfy himself that he was not dealing (as was 
generally the ca.se) with a mixture. If, in addition to this, the 
backward condition in which quantitative analysis stood at that 
lime is taken into consideration, it will then be understood how 
Berthollet arrived at these erroneous results. 

Proust, on the contrary, proceeded very cautiously. He 
endeavoured to find proofs of the purity of his substances, and 
bestowed the greatest care upon the determination of the con- 
stituents. He thus succeeded in discovering the hydroxides, 
which had hitherto been entirely overlooked,-'* and were re- ^ 
garded as oxides containing a special proportion of oxygen, fl 
We are indebted to Proust for investigations of the most of " 
the- metals, which he usually published under the title Faits 
pour servir a I'histoire, etc.^' Further, he wrote detailed 
treatises upon the sulphur and o.xygen compounds,^** in which 

"^ Ann. Chitn. 32, 41 ; Journ. de Phys. 59, 347. '-'* Joum. de Phys. 
SI. "73; 52. 409; 55. 325. -157 ; Ann. Chim. 32, 26; 38, 146: 60, 260, 
etc. *" Journ. de Phys. 59, 321 ; Sulphur compounds, iliid. 53, 89; 54, 
S9; S9' 265. 
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he shows that many metals form oqIt a angle oxide ; that 
many, however, fonn two ; and that in those cases where three 
oxides exist, the intermediate one can be reguded as a com- 
pound of the other two." In the same way, he endearouis to 
detect the error in BerthoUet's view regarding the eadstence of 
sulphur compounds with variable proportions of sulphur. In 
all these investigations he emphasises the distinction between 
mixtures and compounds. He says that the latter are charac- 
terised by quite definite proportions, which hold for compoimds 
occurring in nature as well as for those obtained in the bbora- 
tory, and that this pondus natura lies just as little within the 
discretion of the chemist as does the law of affinity, which 
governs all combinations.*^ 

But BerthoUet also responds by means of facts. He examines 
the carbonates of the alkali metals," and finds that when the 
base is saturated by carbonic anhydride under pressure, crys- 
tals are obtained which differ in composition from the carbonates 
previously known. He shows that these give up carbonic 
anhydride on dissolving and heating, and yield salts differing 
again in com]x>sition. He contests the fact asserted by Proust,** 
that by leading a trace of carbonic anhydride into an alkaline 
solution only a few molecules are saturated, while the others 
remain uncombined. According to BerthoUet, a solution of 
this kind evolves carbonic anhydride on the addition of a drop 
of hydrochloric acid, and consequently contains a souscar- 
bonate^ that is, he considers that the trace of carbonic anhy- 
dride present is distributed over the whole quantity of the base. 
Rendered cautious by Proust's rejoinders and excellent re- 
searches, BerthoUet now no longer assumes all possible propor- 
tions between oxygen and the metals as actually occurring. 
He limits these to a few ; yet, in his examination of the oxides 
of lead, he asserts that he has isolated four different stages of 
oxidation which are attained by heating the metal in air. 3" 
All the same he has thereby moved a step nearer to Proust. 

" Journ. de Phys. 59, 260. ** Ann. Chim. 3a, 31. ^ Journ. de Thys, 
64, i68. " Ibid. 59, 329. *> Ibid. <S4, 181. » Ibid. 61, 3^2- 
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Still the struggle is not on this account at an end. Even yet 
Berthollet will not recognise the difference between mixtures 
and eomiiounds which had been advanced by Proust. For 
both of these conceptions he demands sharp definitions.^ 

Now, as a matter of fact, Proust cannot furnish these defi- 
nitions ; still he shows how mi.xtures can be distinguished froDi 
compounds in special cases, and in doing so, he succeeds H^ 
disproving a great many of Berthollet's statements. Obviously i 
cannot follow this matter in all its details, and I shall, thereforei 
only show by a single example Proust's mode of adducing hi* 
proofs. Berthollet had previously asserted that, by treating 
mercurj' with nitric acid, a series of oxides was obtained, if 
which the proportion of oxygen increased steadily from a deft* 
nite minimum.-'*' Further, he had observed that these oxideS> 
on treatment with hydrochloric acid, were converted into tw<3 
chlorides, and had assumed that it was the insolubility of meJ'iB 
curous chloride which caused the oxides to betake themselve^™ 
from the stage of oxidation at which they stood to the two en<^ 
stations.^" Proust considers that too much intelligence is, o«^ 
this assumption, attributed to the oxides. He shows that in th 
dry way also, only two chlorides are formed, and that these cor" 
respond to the only two oxygen compounds of mercury int 
which Berthollet's mixtures can be separated. 

Thus this controversy, which began in i8oi, continues unti ^ 
1807, but, about this time, the interest that the scientific worl 
had at first taken in the two opponents diminishes consider 
ably. The authority of Berthollet had made it possible that 
in consequence of his attack, a doctrine which had previousl>'' 
been regarded as accurate a priori, should appear doubtful tt::^ 
many. But the researches of Proust on the one hand, and 
those of Klaproth and Vauquelin on the other, had lestorecJ 
confidence in that doctrine. Berthollet's rejoinders began t 
lose their effects. He was forced to admit the existence, ir» 
ever widening classes of substances, of compounds with con- 
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Slant proportions ; which, as a matter of fact, he had never 
wholly denied. In 1809 he still regards compounds with 
variable proportions as possible,*" but in this opinion he stands 
isolated. Too much support has now come to the opposing side. 
R-ichter's investigations, carried out from 1791 to 1800, had at 
length become known ; (Jay-Lussac's classical work on the pro- 
portions by volume in which gases combine was concluded ; 
Berzeiius had published his first important papers ; and Dalton 
had formulated his atomic theory, which was irreconcilable 
*ith Berthollet's view, and was already beginning to constitute 
'ne basis of chemical considerations. Thus the controversy 
ends, apparently with the complete defeat of Berthollet. 

1 have treated this subject at length, because I consider it 

''cry important. We have here to do with a general doctrine 

*hich constitutes one of the foundations of our theoretical 

•^oasiderations, and settles the distinction between mixtures 

'fd comfMDunds. It is for the latter alone that our chemical 

•^^'s hold, since mixtures are not subject to them. In any 

P^^ticular case, therefore, it is very important to know which 

•^'^ss of substances is being dealt with. What, then, are our 

'"'^ans of forming an opinion ? 

It is to be found stated in text-books, that compounds 
possess a homogeneous character, whereas mixtures can very 
. ^<^Uently be mechanically separated into their ingredients. It 
■^ further stated there that in compounds the projx:rties of the 
pnstituents have disappeared, whilst they are present side by 
"^'i in mixtures. Finally the constancy of proportions is then 

'^duced as characteristic, and I wish to direct attention to 
tK* 
."'s whole matter. There are cases in which mixtures are, 

^ their whole behaviour, no longer distinguishable from corn- 
Pounds. We then have recourse to analysis to .solve the ques- 
^on. We pre))arc the substance in various ways, and observe 
^'^ether it always possesses the same composition. AVe thus 
""Vert the doctrine discu.ssed by Berthollet and Proust. The 
'Ornier regarded compounds with variable proportions as pos- 
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siblf, whilst the latter assumed that substances combine in a 
few definite proportions only. We call a substance a com- 
pound when it contains its constituents in invariable pro- 
portions. 

1 do not know whether the difference between the two con- 
ceptions has been made clear. In order to appreciate the full 
bcjiring of the question, a person must him.self have required 
to decide as to whether he had a mi.vture or a compound in 
his hands. Even yet we are without a definition which shall 
suffice for every case ; that is, without such a definition as 
Berthollet repeatedly demanded from Proust. It is true that 
we have certain means of judging with respect to chemical 
compounds, as, for instance, capacity for crystallising, and i^*' 
variable melting point in the case of solids, and constant 
boiling point in the case of liquids. Yet these are frequently 
insufficient. I need only recall the phenomena of isoraorphisrti> 
when we must admit that mixtures also can crystallise. I nier*" 
tion the solutions of hydrochloric acid, hydriodic acid, etc, ^'^ 
water, regarding which Roscoe has proved that they are on^y 
mixtures (solutions), and we must admit that these likcwi^'' 
can possess a constant boiling point. In short, this distinctic:''^ 
forms one of the most difficult and most important problen'' 
and in point of fact it is often insufficiently attended to. In t*^ 
study of chemical papers opportunity is often afforded of obse*" ' 
ing how errors have arisen through neglect of this ver)' niatt*^^ 
How often have formula: been advanced for substances a«^ 
theoretical conclusions based upon their existence, before th ^5' 
compound character has been conclusively settled! The p'«-** 
pose of the foregoing remarks is to serve as a warning agai»^" 
any such error, and I therefore hope to be excused forhavii"*J 
for a short time, quitted my proper theme. 



LECTURE IV. 

Richter's Investigations— Dalton'sAtomicTheorv—Gav-Lohka<:'h 
Law of Volumes— Avogadro's Hypothesi*— Woi,i,A»T<)N'it 
Equivalents. 

I SHALL now proceed to describe the development of the 
itomic theory, up to the second decade of this century, in »« 
^r as it possesses scientific interest. It is Ijcyond my int«n- 
ion, in doing so, to enter into the hypotheses of the (Jrcck 
'"d Roman philosophers regarding the constitution of natter, 
['hat Leucippus and Democritus r^arded matter as t%)m]Hm!i\ 
^ ultimate particles, and that Lucretius afterwards exp*>uniU'Al 
^^se views at length, merely shows to us, what we iuivc Umn 
"own, that there were men amongst the tirceks awl ktrtnmn 
ho might in ever)' respect be placed beside (fur tii'mki^» (4 
'day. These philosophers made use of the dedo'livc ttMsttHMi 
^ reasoning; they started from general pntv^iAt:*, nititf/tlf^ 
'^•r conclusions from them were not alwaj» in M^jmS wiitN 
^*servations. The latter were of reiatfrdy iwnafl intyn/tUtitM, 
specially as at that time experimentation, or 0m; itii tA m- 
^tigati<m under stated condition*, wa* pnK'4«i';»H^ uttUtPtwti, 
Or this reason, Democritus cannot ifit phfAA ift tuftA '4 K^titf 
**o, staning from the «jf(5>wte rxm tf*/n» jj*s 'iytm»i*. 
^'Pothesis — constructed tftut 3in«r«rvt m ^i(iM^ j*tff ** P^ )t\ 
•asluon. The expenditiire of ta]«iat «ryii v»jt^A'j M*i^.i* H*-. 
"^ive on the part of the •Kajjjxjriwt 'A "isj^, V»fO y*^i*t, »*« ht 
**r» ; the ohserpasaoms \sk jastatrA of •'irik'Ji; *wA '^*i*fifitrtn 'O'M 
^ Solved, were eaass^ mairaiag. 

The sckaariiSc: ((ieT*Jkjgittt«*sX 'jf iSu'r la/xw, ■'i>rf»y/»/ -"V^yvJU/J 

'^*^^Ud togtaiktff i«- at, ss-jC ivuiii ^, x *. mtt«j«l»; '■/^/^imM^m- 
' is my biiasaiififfi msnpr iv Mi«tCiK«. t:v.** *;/^Kt«iiM 
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give an account of the chemical researches which rendered «-^* 
assumption of the atomic theorj- necessar>-, and which w"^'*^ 
brought to a conclusion hy means of the theor)'. A 

In the preceding lecture I dealt with one of these re-^S'^'^ 
larities ; that is, with the law of definite proportions. T "*^'^ 
alone, however, would not have sufficed for that theorctt •^cal 
conception, and another law was also necessary, namely, Kz^ne 
law of multiple proportions. The latter wns propounded t^jfl 
Dalton in 1804, that is to say, prior to the close of the cc^^^'^B 
troversy regarding the constancy of the proportions by wei^^hS 
in which substances combine. I have intentionally depart::^ -^d ' 
from the chronological sequence of the facts, in order to secu^*re 
their logical arrangement The law of multiple proportic*' li 
has no meaning, so long as the law of constant proportions « 
not proved. It includes the latter within it, and can only stand 
along with it We may well be surprised that it should have 
been propounded at the very time when doubts were enter- 
tained as to the accuracy of the law of constant proportions. 
The explanation probably lies in the fact that Berthollet and 
Proust lived in France, whereas Dalton made his discovery in 
England, and withheld the publication of his investigations 
until 1808; whilst prior to that date the scientific world only 
obtained a short statement of the results of Dal ton's experi- 
ments from Thomson's System of Chemistr)-, in which the 
investigations are mentioned. Dalton's theory, which very soon 
gained favour, undoubtedly exercised a decisive influence on 
the views of the chemists of the period with respect to con- 
stant proportions ; and it is partly to be attributed to the 
labours of Richter, of Dalton, and of Wollaston, that Berthollet, 
if he did not exactly withdraw his previous assertion.s, at least 
did not further endeavour to bring about their acceptance. 

It may be that Dalton, as his biographer. Smith, asserts,' 
had no knowtedge, or only a very incomplete knowledge, 
of the work of Richter, which might otherwise have contri- 
buted materially to the establishment of the atomic theory. 
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e may hare ani^'ed qahe lade p eDiicBlly at tfaoce ideas wfucfa 
xerctsed the greatest tnfinence npoo the snbseqneiit derelop- 
lent of chemtstn-, bat «e mast befc take notice of all the f»as 
hich are of impoftaoce m thb coanection, and «e miBt not 
(rerlook Daiton's predeoessois. Almost MHiultJi ieouriy with 
le conception of the atooi, that of tite eqaivalent was abo de- 
!loped. The reoognitioo of the latter oootriboted to procure 
Imission and general bvoiir for the atomic tiieoty, and it b 
erefore advisable, in mj tqiaioa, to deal with both ideas side 
f side as they arose chronoiogtcaDy. In doii^ so^ it wiD be 
bserved that DaJion's atom was tntrodooed iodepoideBtly of 
le equivalent, but that Wollaston, in poiticnlar, endetvoiiTed 
) replace the atom by the equiraleflL This afterwards led to 
te identification of the two ideas, a fact which had a detri- 
lental effect upon the science. 

The first experiments whicfa could have led to the establish- 
lent of equivalent (juantities, were carried oat by Bergman in 
second half of last century.* Bergman obserred that 
eutral solutions of metals were precipitated by other metals, 
without the production of an acid reaction and without the 
olution of gas. As an adherent of the phlogiston theor)-. he 
ilains the observations quite correctly in accordance with 
e principles of the theory. He assumes that the precipitated 
etal has taken up just as much phlogiston as the precipitating 
letal has parted with : and in consequence of this view, he 
perceives a means of determining the quantities of phlogiston 
contained in different metals. The quantities of the dissolved 
and of the precipitated metals respectively, must stand to each 
other inversely as the supposed quantities of phlogiston con- 
tained in equal weights of these metals. 

Lavoisier, who repeats and extends Bergman's experiments 
a few years afterwards,* recognises that they must show, in 
terms of his theory, the quantities of oxygen which combine 
with equal weights of the metals. Where Bergman had spoken 



' Bergman, Physical and Chemical Essays. Translated by '. 
M.D., a (1784), 349 e/ sej. » Lavoisier, Oeuvres. 3, 528. 
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of the taking up of phlogiston, Lavoisier only needs to assum 
the giving up of oxygen, and vice versa : the inverse ratio of tl*. 
(juantiiies of the precipitated metal A and of the dissolved on 
/? gives l^voisier the relations of the quantities of oxygen coir» - 
hining with equal weights of A and B ; or otherwise, and mor^ 
clearly expressed, the quantities of the precipitated and of tl\ 
dissolved metal respectively, which the experiment furnisb 
directly, have the property of heing able to combine with the 
same (juantity of oxygen. The generalisation, in the latter 
form, was not emphasised, however, either by Bergman or by 
Lavoisier, otherwise it would probably have led to the notion 
of equivalence. This result did not follow, and even the ex- 
periments of both these chemists were but little heeded. It 
did not fare much better with the investigations of Rich 
which were carried out between 1791 and 1802, and were si 
ported by far more observations. Richter was the first to si 
the law of neutrality, and to deduce accurate conclusions from 
it.* This merit vvas formerly attributed erroneously to Wcnzel, 
who arrived, hovse\'er, at exactly the opposite result The 
error which jiassed into many of the older text-books appears 
to have been caused by Berzelius,'' and was painted out by 
Smith," and others," 

Richter observed that upon mixing solutions of two neutral 
salts, the neutrality is maintained, even when double decom- 
position takes place, and from this he concluded that the 1 
quaiuities a ami /' of two bases, both of which are neutralised] 
by the same quantity c of an acid, are both likewise neutraiu 
by the same quantity d of another acid ; and, conver-sely, thai 
the weights of two acids which are neutralised by the san 
quantity o of a base, require for neutralisation the same quantii 
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♦ Richter, Uelwr die neuercn Gegenstandc der Chemie. ' Berzell 
Essa! sur la ih^ric de.s pro|)ortion.s chimiijues et <iur I'iiifluence chimil 
de rKlectricit(f, Taris (1819), 2. * Memoir of John Dalton, etc., 1 
' Wcniel delcmiini.ll the proportions in which base and acid con 
to form salts, lie found, however, exactly the opposite of what Ber 
makes him say. Com(»rc Wenzel, Ue))cr die Verwandlschaft der Kl 

•den (1782), esix!cially 450 cl se^. 
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Bf another base. The mode of expressing this which Richter 
nploys is remarkable. He says : *• — 

"If P is the mass of a determining element, where the 
asses of the elements determined by it are a, b, c, d, e, etc., 
id Q is the mass of another determining element, where the 
las.ses of the elements determined by it are «, fi, y, S, f, and 
5 on, but where a and a, /; and ji, c and y, d and S, e and (, 
Iways represent one element, and the neutral ma.sses P+a 
nd Q + 13; P+/' and Q + y; P+fand ^ + n, etc., decompose 
'y double affinity in such a way that the products obtained are 
igain neutral, then the masses a, b, c, d, e, and so on, have ex- 
actly the same quantitative ratio amongst themselves as tlie 
Masses a, /3, y, 8, e, and conversely." 

I must observe that by the determining element, and the 
element determined, Richter understood the quantities of acid 
*nd of base that mutually neutralise each other. Richter wi-tl 
Understood the importance of the foregoing statement. He 
•^nnarks:' "This rule is a true touchstone of the expciinientH 
"istituted with regard to the relations of neutrality ; for, if the 
pfoportions ascertained empirically are not of the nature that 
•he law of decomposition by double affinity requires, whero the 
•Jccomposition actually taking place is accompanied by un- 
altered neutrality, they are to be discarded without further cx- 
&l>iration, since an error has then occurred in the cxpcrimcntii 
tried." 

Kichter tabulated the quantities of the bases which arc 
neutralised by the same weight of sulphuric aci«l, of hydrf> 
n^oric acid, etc., and these he calls neutrality Hcries, or ncrien 
°' masses;!" he also detennined the quantities of the a<:idii 
*"ich are saturated by the same quantity of diffi.-rcnt bsisj-d." 
lf> doing this, he thought he had discovered certain r'-gulnrilicK, 
Htt this subsequently proved to be foilacioun. '["hu*, acexnA 
^6 to him, the series of masses in the case of the buen f(rfnwi\ 
^ arithmetical, and that in the case of the adds, a jre/mi<'trlcHl 

m- 

^ ' Nncrc Gegenstande (1795). a, €6, 
'•70. " Ibid. 2,92; 3, 176. 
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series. He wished, in fact, to establish a regularity in chemical, 
compounds, such as had been assumed in the distances of the 
planets from the sun, and, in order to accomplish this, he had 
probably corrected many of his result.s. 

Another department of Richter's "stochiometric investiga- 
tions " must be mentioned here : that is, his work upon met-ilhc 
precipitations. He determines the quantities of the metals as 
they mutually precipitate one another from their solutions, and 
employs the numbers obtained to ascertain the proportions of 
oxygen in the oxides. Here again, his way of expressing him- 
self leaves much to be desired. He says : ^'^ — 

" When an aqueous solution of a metallic neutral salt is so 
decomposed by an inflammable metallic substrate, that is, by 
another metal in the metallic state, that not only does the! 
metal which was dissolved separate out in a wholly metallic 
state, but also that neither the dissolving acid solvent nor tb 
water associated with it, is decomposed, then the masses of th< 
vital air which must unite with equal masses of the metalli' 
substrates, in order to make their solution in acids possible, aH 
inversely proportional to the masses (or weights) of the separaj 
ing and of the separated metallic substrates from the metalUl 
neutral salts." And at another place;'' — "The quantitati^ 
order of the specific neutrality of the metals towards vitrioll 
acid does not by any means follow the usual order in whicS 
one metal is separated by another from the solution in tl3 
acid ; on the contrary, it is wholly analogous to the invera 
quantitative order of the removal of the inflammable matt5< 
and of the respective combination with vital air." 

It is worthy of mention that Richter introduced the na: 
Stochiometry, which signifies the measurement of the p 
portions in which substances combine. 

Fischer, on the other hand, deserves credit for havi 
combined Richter's various tables into a single one. In t 
connection, he expresses himself as follows:" — "It is o 

" Neuerc Gegenstande. 3, 83. '' Ibid. 3, 127. '■■ BerthoU* 
Statique Chimique. German Iranslation with explanatory comments 
Fischer, I, 135. 
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necessary to determine the proportional quantities of one acid 
against the different alkaUne bases ; afterwards, it is sufficient 
to ascertain the proportional quantity of a single compound of 
tvcry other acid with one alkaline basis, when, by means of an 
iy calculation, the proportional ([uantities of the acids in all 
e other compounds may be determined." It may be said, 
indeed, that Fischer's table was the first table of equivalents. 
The numbers attached in it to the different bases, represent 
(.••luivalent quantities, since these quantities are neutralised by 
'he same quantity of acid ; and conversely with respect to the 
different acids. The conception of the equivalent was, in this 
fay, established about the year 1803, although the word itself 
*as not in use at that time. The discovery of the law of 
multiple proportions, and the formulation of the atomic theory 
by Dalton (which were first announced in the third edition of 

b Thomson's System of Chemistry), both took place almost at 
this same time. 
\ I wish to deal, in a few words, with the questions of priority 
fchich were called forth by these important experiments and 
Wews," The idea of the atomistic point of view is an old one, 
^nd at the beginning of this lecture I have named a few Greek 
philosophers who advanced and upheld the theory. The 
opinions pass down through all the centuries ; they are con- 
tested; but they always find supporters. The chemists of the 
•^'ghteenth century appear to have embraced iiretty generally 
'he atomistic way of regarding matter. I may here adduce the 
^'ews of Lavoisier with respect to the constitution of matter, 
*'hich I have already stated at length ; and those of Berthollet, 
"ho frequently speaks of molecules. In one word, these were 
'he opinions of the day, and they were preferred to the dynamic 
hypothesis, chiefly, it is almost certain, because the assumption 
"f discreet particles of matter, separate from one another, fur- 
nished a simple explanation of the diminution of volume with 
"1* lowering of temperature. 

Dalton, on his part, did not claim that he had introduced 

" Compare the \vurk by Smith, already mentioned. 
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these opinions into the science. In this connection he says, 
that the ubservation of the existence of different states of 
aggregation, has "led to the conclusion which seems univer- 
sally adopted, that all bodies of sensible magnitude, whether 
liquid or solid, are constituted of a vast number of extremely 
small particles, or atoms of matter bound together by a force 
of attraction, which is more or less powerful according to cir- 
cumstances, and which as it endeavours to prevent their 
separation, is very properly called in that view, attraction of 
co/iesion." '^'^ And with regard to the "agency of heat" he 
says: — "An atmosphere of this subtile fluid constantly sur- 
rounds the atoms of all bodies, and prevents them from being 
drawn into actual contact." '" 

Dalton shows, however, in the course of his most interest- 
ing work how the relative weights of these particles can be 
ascertained ; and it will remain as his imperishable merit to 
have shown the possibility of determining the atomic weight^' 
Higgins, it is true, tried to prove that he also participated J*^ 
this important discovery ; "* but even if it must be admittt? 
that Higgins employed the atomic theory as early as 1789, 
still his way of expressing himself is not, by a long way, so cler^'' 
and definite as Dal ton's, and, .so far as I know, he does nC^ 
mention atomic weights. 

Dalton turned the atomic hypothesis to account as th"^^ 
basis of chemical considerations, after he had found that wher 
two substances unite in several proportions, these proportion 
are always expressible in simple multiples by whole numbers 
He examined the two hydrocarbons, marsh gas and ethylene 
and found that, for the same weight of hydrogen, there wa: 
twice as much carbon combined with it in ethylene as in marsl 
gas. He then examined to see whether any such regularity^ 
was to be found in other compounds, employing in particular^ 

for this purpose the oxides of nitrogen, and he thereby ob-' 

1 - 

" Dallon, A new System of Chemical rhilosophy, I, 141-142 ; Alembic 
Club Reprints. 2, 27. '" New System. I, 143-144. " Experiments 
and Obseivalions on the -Atomic Theory, by \V. Miggins (1S14). '" A 
Comparative View of the Phlogistic and Antiphlogistic Theories. 
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ained confirmation of the law. The law is to this effect : — If 
wo substances, A and B, form several compounds, of which 
he compositions are all calculated with respect to the same 
[uantity of A, then the quantities of B combined with this, 
tand to each other in a simple ratio.^" Dalton sought in the 
tomic theory, an explanation of this law, which was simply an 
xpression of the observed facts. 

According to the atomic theory, chemical compounds arc 
3rmed by the arrangement, in juxtaposition, of atoms of the 
lements, these latter being incapable of undergoing any further 
ecomposition. With regard to this Dalton says : *'— " Chcmi- 
al analysis and synthesis go no farther than to the separation 
f particles one from another, and to their reunion. No new 
reation or destruction of matter is w^ithin the reach of chcmi- 
al agency." By the fact that Dalton assigns a definite unalt«!r- 
ble weight to the atom of every element, and admitH th«! 
ossibility of the combination of several atoms, his thwiry in 
■rought into harmony with experiment, and becf>m«:s, indwwl, 
necessary consequence of it According to th«; numSmr <t{ 
toms which enter into combination, the resulting nUnu nmy 
►elong to a different order. 

The atoms of elements are simple atoms, t>r iWmin lA th<; 
irst order. 

When I atom of an element A combin*^ with i afitit lA an 
dement B, i atom of the second order w pr'xJu'v^l, 

When 2 atoms of an element A v/mtme urilii t iWnn tit «r» 
ilement B, i atom of the third order i» pfxlu/>^). 

When I atom of an element A cf/mtAtu:% wit>> 3 ni/nit* ot 
in element B, i atom of the third ord^ n ^'Aiuz-A, 

When 1 atom of an tieswint A <//mh*!f»^ with -^ ttt//tm iit itn 
element B, i atom of the fourth order i* ^/cAiwA, 

When 3 atoms of an dement A '/A(>'fAr>*- *'tth f itt/rtii 'A *»» 
element B, i atom crf'the f'/arth or'Jer n yf'A-^*'\, t^t 



*" It appeals that Daivjr. r/ti^r fc**;«i '*« w /* **»* fi^h'-l*'' 
Compare Merooiis of Joes InX'vO, vy ti. H*jiMy, Tp *i >'p 
System. I, 212 ; A.C.R. 2, iff. 
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I have not been able to find any .statement as to whctK*?^ 
two atoms of one element can combine with three atoms <^' 
another, but it appears as if Dalton regarded this assumptio*^ 
as untenable. Compounds which are most simply regarded I ""^ 
this way, consist, according to him, of two composite atoms ' 
he is obliged, of course, to make the assumption that atoms C^ 
the higher orders are capable of combination with one another.^^ 

I have 1 minted out, above, that Dalton's theory was iC^ 
agreement with the facts; I shall now explain how, from hi — ' 
experiments, he determined the atomic weights. In order tha "* 
he might be able to do this, the first thing necessar)' was \C^ 
settle the number of atoms in a compound, .\ccording tc^ 
Dalton, this number is to be sought for, in general, in th( 
simplest possible ratios. In estimating it, he starts from th 
following principles : '^ — 

1. When only one compound of two elements is known, 
this is composed of an atom of the second order. 

2. AVhen two compounds are known, the one con.sists of an 
atom of the second, and the other of an atom of the third 
order. 

3. When three compounds are known, one atom of the 
second and two atoms of the third order must be assumed. 

How does Dalton now proceed to the determination of the 
atomic weights, i.e., the relative weights of the smallest par- 
ticles? In the first place, he requires to choose a unit for 
compari,son. As unit he assumes hydrogen with the atomic 
weight = I, and he refers all the other atomic weights to this. 
To fix the others, he then applies his first principle. At that 
time, only one compound each of oxygen and of nitrogen with 
hydrogen was known, viz., water and ammonia respectively; 
therefore the atomic weights of oxygen and nitrogen can be de- -' 
termined directly from the composition of these compounds. 
In this way, Dalton finds them to be 5 and 7 respectively. He 
checks the numbers so obtained by the proportions of the 



ai4 



' New System. 1,213-215; 
A.C.K. 2, 30. 



A.CK. a, 30-31. » New System, l- 
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ojcygeii and nitrogen in the oxygen compounds of nitrogen.'-''' 

He is acquainted with four of the latter. In nitric oxide he 

finds 7 |)arts of oxygen for 5 of nitrogen ; its atom is, therefore, 

'he atom of the second order, derived from these element.s. 

^•^ riitric acid, according to his view, there are 14 parts of 

oxygen for 5 of nitrogen, or two atoms of the former gas for 

o'le of the latter. In nitrous oxide, 7 parts of oxygen are com- 

Dineci with 10 parts of nitrogen, and in this he therefore 

''-'^sumes two atoms of nitrogen and one of oxygen. Nitrous 

acidj however, is supposed to contain loj parts of oxygen for 

S of nitrogen, and in it he might have assumed two atoms of 

nitrogen and three of oxygen. He prefers, however, to regard 

•^nis substance as a compound of nitric acid and nitric oxide. 

Further, he finds in ethylene 5.4 parts of carbon for 1 of 

ytlrogen, and in marsh gas the same quantity of carbon for 2 

_ hydrogen. On this account, he regards ethylene as consist- 

"^S of atoms of the second order, and assumes the atomic 

^^ight of carbon to be 5.4. Carbonic oxide likewise consists 

^* atoms of the .second order, since he finds in it 7 parts of 

*^^ygen for 5.4 of carbon, while carbonic anhydride has atoms 

"' tile third order, because it contains 14 parts of oxygen for 

5-4- of carbon. 

But Dalton does not always adhere quite rigidly to his own 

^"'^is. Thus he regards sulphuretted hydrogen as consisting of 

•^^i atom of sulphur and three of hydrogen, and sulphuric acid, 

c»rie atom of sulphur and three of oxygen, whereby he is led 

I 3 as the atomic weight of sulphur. 

Hence there is, in my opinion, something haphazard in 

y*^Sc atomic weight determinations, quite apart from the rules 

2*^rtist;lves. I shall return afterwards to the question whether 

J. ^ latter are justifiable or not. The numbers advanced by 

^'ton were thus relative in a twofold manner, if I may so ex- 

^ '=^H.s myself; they were affected by two unknown constants. 

the first place they were all determined with reference to an 

•trary standard, and in the second, they were only relatively 



New System. I, 215 ; A.C.R. 2, 30-31. 
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accurate with respect to this standard. The atomic weight of 
carbon had in reality only been found to be a multiple or a 
submultipk of 5.4. Dalton himself does not appear to have 
been aware of this arbitrary character of his numbers. 

In spite of this, his theory met with very general re- 
cognition, and chemists were astonished at the simplicity with 
which it explained all the regularities which bad been dis- 
covered immediately before. With the rapid progress that the 
science was at that time making, some new support was 
necessary. In order to avoid being left behind it was essential 
to possess a general point of view from which the isolated facts 
and the dififerent regularities could be conveniently surveyed. 
It was soon to be shown that this theory was capable of stand- 
ing the test ; that it was not only sufficient to connect the 
known phenomena, but that laws which were only discovered 
subsequently could also be explained by means of it. This 
holds especially for the law of gaseous volumes, which Gay- 
Lussac discovered in 1808, a few months after the appearance 
of Dalton's ingenious book. 

As early as 1805, Humboldt and Gay-Lussac, on the 
occasion of their joint investigation of the composition of the 
air, had determined anew the proportions by volume in which 
hydrogen and oxygen combine.'^'' They found slight difTer- 
ences from the earlier observations, and arrived at the highly 
interesting result that water is produced by the condensation of^ 
2 volumes of hydrogen and i of oxygen ; while Mcusnier and 
Lavoisier-" had found 23 volumes of hydrogen and 12 of oxy— ' 
gen, and Fourcroy, Vauquelin, and Seguin -' had found 205. 
of hydrogen for 100 of oxygen. 

Three years later, Gay-Lussac extended his experiments t 
other gases.-** He had previously observed the law (often calletS 
after him) of the uniform expansion of gases with increase of" 
temperature.^ He was also familiar with the so-called law of 

*•'' Journ. de Phys. 60, 129. "• Lavoisier, Oeuvres. 2, 360. '" Ann. 
■"him. 8, 230 ; 9, 30. "^ Mem. ci'Arcueil. a, 207. ^ Ann. Chim. 43, 
7- 
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Mariotte, which was dHco-sered by Boyfe, ar«£ wtiiefi KJttes tfaie 
relation between pressure and wobnxsjt : in. sfarjiXr Ek peymesied 
all the data for redocing tfae resttlis (firecdy obctmeei to Eke 
pressure and temperanue — a. bam» upon wtiiefi to esianitfr the 
experiments be had in riew. H» bn&sdsBWa » a EnuMkl Ksf 
accuracy, and, in this respect, ic h Tery markeifflT ffeanpiM&ied 
from other experimental unvsd^xdar» f£ tfat perwxL Tb* re- 
sults obtained are estretturfy Hmpfe ; and Eisr «a£e» tiKm wsnant- 
what after this manner. Two gaasM alwwt laOTtfacne En Mjnpfe 
proportions by votiinicv and cbe irrjnaactB-jtii wfeKfa nJaty enader- 
;o, and, therefore, ako tbt -roiccias nif uJae prodfflfni Sonnitd,. 
itand in the smpCest cdarkni acc tfner 'TioikiEii» <of (iiie ooa- 
tituents. 

Thus Gay-Lnssac foozid. £^jr exaiaq^ ifsat 2 Tobsntief of 
arbonic anhydride are purrnCODwE ffinwaBi * TiofiaaiBiie* «)<" carfeonic 
'xide and i <rf osygaa : irisBi 2 Wsaiats nji mmjiwh fmdt: are 
omposed of 2 «j!iiniise* of !iiiar<o^«B anad i <jf iVKTTgein: that 
qiial volumes cf mmogaa aac td ivsjT^-ai aat «jc«ciifc«nr«S in nttric 
•xide, while the ptodiaa Sas* Kae «aiiste T'O'ltajiK: *.»• iSae tir<» coo- 
tituent gases sepoiate-y .: assrd tBntsihr. lits: 1 T'OiSruoiskf <(if ntcraig'tn 
.nd 3 of hydrogen are ooiimdiesEawd to 2 T<>kaB«:t in afflanKunia. 

Gay-Lussac, who wa* w-ell acgaaamed iraii Vakfjei\ zhifxry, 
hows at the end cuf Ins pap>«r ■Aeas. "&><: iaKSx a^oeitaiiiieid by him 
ire in harmony wiih i3ae liktitrr ; "dial, bor iSie aBsiiuEfakw of a 
'imilar molecular owndiiaMO in all gases, ix wil!! »ai^:ua their 
inalogous behaviosir Knrard* ctajag-es of pressure ajnd of tosn- 
lerature ; and that his law of ^>»e;vai; rol^Icaet^ i$ an isnpoftarst 
iupport of Dalton's riew- 

It might be suppostad Tiiat tike latter •••ould havtr btien higUy 
}leased by so uneaqjectediT lailliaDt a C'tmfinaation of his ■»•!«?»*. 
rhis was not so, Sioweves-- In the: besoond part of his ** Xew 
system of Cbemicail Finlosophv." whicb apptaxtid in i8i«, he 
practically rt^rd* Gay-Lusbac's expeiinMaits as eiroTieous. I 
ihall endeavour to explain tiie reasons that j/rompied him to do 
this, especiallv as 5l hat. be!en stated that I>aJton wished, from 
jealousv or want of jiadgment, to contest Gay-Lussacs mer 

In the first port uT his book, Dalton had already sper 
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Dalton shows, moreover, the poor agreement between the ' 
results of Gay-Lussac and those of Henry, and this confirms 
him in his conclusion that the former had not observed 
accurately. It cannot be denied that Dalton's contention is^ 
well founded. If the atomic theory was chosen as the basis forfl 
chemical sjieculation, the law of gaseous volumes, as Gay- 
Lussac stated it, could only be brought into harmony with it 
if the assumption were admissible that equal numbers of the 
smallest particles are present in the same volumes of all gases..! 
This assumption agreed with the physical properties of gases,| 
but was, as Dalton quite rightly concluded from known facts, 
impossible. The three rules adopted by Dalton likewise told 
against the accuracy of this hypothesis. In water, for example, 
it would have been necessary to assume two atoms of hydrogen J 
for one of oxygen ; and it may be that this was also a reasoni 
for Dalton's coming forward so decidedly in opposition to Gay^^ 
Lussac. 

It will be clear from these explanations that there was a 
real difficulty in bringing Gay-Lussac's law into harmony with 
the atomic theory. Avogadro was the first to show how this 
difficulty can be got over.** The Italian physicist distinguishes 
molecules inlegrantes and violeailes elementaires, which, for 
brevit)- and simplicity, we shall translate by molecule and atom 
respectively. The physical properties of the gases (especially 
the similarity in their behaviour towards changes of pressure 
and of temperature) lead Avogadro to assume in equal volumes 
of all gases, the same number of molecules ; and the distances 
of the latter from one another he considers to be so great in 
proportion to their masses, that they no longer exercitH: any 
attraction upon one another. These molecules are not <(upp<))»e<!, 
however, to constitute the ultimate particles of matter, but arc 
assumed to be capable of further subdivision under the influenc 
of chemical forces. According to Avogadro, therefore, But 
stances (elements and compounds alike) are not converted, ] 
passing into the gaseous state, into indivisible jarti' Ics, 

-^ 

*Joum. de Phjn. 73, j8; A.CB. 4. »fcv 
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resent in ammonia, etc., and he thus arrives at results 
2 different from those of Dalton. 

He points this out exph'citly in his paper, and draws 
ition to the fact that in his determinations, he starts from 
imate physical principles, whereas Dalton's rules contained 
trary assumptions. He lays .stress on the fact that Dalton, 
ase he wishes to identify the physical with the chemical 

((vwll'cules integrantes and elementaires), will be forced to 
e that in those combinations which take place without 
ction, the composite atoms must be further removed 
I one another than the uncombined ones, 
^vogadro is able, from their densities, to determine directly 
fcolecular weights of the elements known in the gaseous 
s This, however, is not sufficient for him, and he also 
iipts the determination in the cases of other elements, 
however, he has recourse to more or less doubtful 
liese.s. He finds the atomic weight of carbon to be 1 1.3, 
It of sulphur 31. J, referred to that of hydrogen assumed 
; that is, he finds numbers which very nearly agree with 
jS adopted at present. I shall not enter into the more 
he details of this most interesting paper, and shall only 
mc further that Avogadro admits the possibility of molecules 
ilements consisting of 4, 8, etc., atoms, and believes that 
Ire has, in this very way, equalised the difference between 
pie and compound substances. 

Starting from similar views. Ampere writes a paper on the 
e subject three years later (i8i4).-*'' His conclusions are, 
'ever, less simple, as he tries to explain at the same lime 
crystalline form of substances, by the position of the atoms 
he molecule. 

These speculations met, on the whole, with but little 
rtion in the chemical world. It seems as if a distinction 
een atom and molecule was not regarded as justifiable, 
Vordingly nei^' ' ' '-nor Ampere's ideas exercised 

mediate w '■e. This may also be 
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explained by the fact that the hypothesis only led to dnH 
results as to the number of atoms contained in the molec 
(and thus to the determination of the atomic weight) in 
case of gaseous substances, and was not applicable to sol 
and liquids. Chemists, therefore, looked for new genera.1 
tions, and the next impulse in this direction was given 
WoUaston. 

WoUaston had carried out an investigation on the carbona. 
in J 808,^ which appeared simultaneously with an examinat 
of the oxalates by Thomson.''^ It was shown in the jiapers 
these chemists that carbonic acid can form compounds W 
one and with two parts, and oxalic acid wiih one, with two, a 
with three parts of potash. These experiments produced 
great impression, because at that time there were few facts 
this kind known which had been minutely examined ; on tl 
account, they formed an important support to the law 
multiple proportions. But if WoUaston, on the one hand, tli 
exerted an influence upon the rapid recognition which ti 
atomic theory met with, and consequently came 10 be regard- 
even by authorities as an adherent of the theory,^" still, by 
later paper,^ he contributed to the abandonment of the ata 
by a section of chemists, as too indefinite a basis for choMd 
considerations. ^| 

In 1814, WoUaston, not without justice, represents to Dalt< 
how uncertain and arbitrary is his estimation of the number 
atoms in a compound ; and how, in consequence, the atone 
weights are wholly hypothetical numbers, so that, in his opinic 
they should not be adopted. He advised, instead of the cC 
ception of the atom, the introduction of the equivalent, whi 
word he employs for the first time. WoUaston was W 
acquainted with Richter's works,*' and he derives the cone* 
tion of the equivalent principally from his investigations, 
must at once remark, further, that, with him, not only are the 

» Phil. Trans. 1808, 96 ; A.C.R. 2, 34. " Phil. Trans. 1808, 6 

A.C.R. 2, 41. " Kopp, Geschichte. 2, 373. " I'hil. Trans. 18I 

I ; Ann. Chim. 90, 138. •* Even WoUaston remarks {/oc. fif.Mji 
Wenzel's analyses do not agree with the law of neutrality. ^H 
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luantities of two bases equivalent which are neutralised by the 
same quantity of acid, and those quantities of metal eiiuivalent 
which mutually precipitate each other (and therefore unite with 
the same weight of oxygen), but that also, in his determinations, 
extends far beyond these limits, without, it would appear, 
'tver clearly perceiving that he falls into exactly the same error 
Ihat he points out to Dalton. I go further, even, and assert 
that the uncertainty was increased by him, since he first 
employed the equivalent in the sense of the atom, and thereby 
attached to it the vague signification which remained connected 
with it; and so it was this very paper which principally led 

r chemists to the fusion of the two conceptions, and thereby to 
pc ladt and inaccurate assumption that the atoms were 
ftluivalent, an error which gave rise to great confusion. 
1 shall here give an example of Wollaston's determinationn, 
so that the reader may obtain at least an idea of his method, 
'lid may satisfy himself as to the accuracy of my opinion. 
"oUaston sets out from the equivalent of oxygen, which he 
assumes = lo; from this he determines the equivalent iif 
hydrogen to be 1.3, clearly because 1.3 parts of hydrogen 
(according to the estimations of the period) unite with i o parts 
of oxygen to form water ; thus equivalent quantiticH are, with 
"ollaston, the quantities in which substances combine. Hut 
™*, we may ask, does he proceed in the case* of »ub)»tancea 
'hat combine in more than one proportion in the cajie of 
^fbon, for example? Does he recognise several cquivalenU 



here 



The answer is, no, be never appears to think that »u<.'h 



a thing can be possible. He adopL^ the equivalent of caiijon 
"^ 7'5, determining it from that of carbonic anhydride, which, 
according to him, is 27.5. He doet not give any reaion, 
however, for choosing the latter number, and we are left Ut 
'■nd it out for ourselTes. We ini^ "ippOK that WtMmMaa 
^^garded as the equivalent that qu MOlkf of cafboflk seid ithifh 
^(urates a quantity of a base coMaioini; to paiM *4 <Myw'<i 
he would mrmiirily I 
^e, that the oombanag «dsb( m Uattiai wkh 0H 1 



lent. 



He is obliged, boweicr, a» a 
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figures, to assume in carbonic acid, two equivalents of oxy^^n^ 
for one of carbon. In this case, therefore, the combit».i r»g 
weight and the equivalent were no longer identical, but the <r:»«ne 
was twice as great as the other. That such results ^*^^^^W 
unavoidable in his method, ought to have been clear to hiir:i- ^*" 
once, since he was acquainted with the law of multiple prof^*^^" 
tions. ^Vollasto^ does not, however, pause in the least oilB 
account of this result ; he does not bestow a word upon "»■' 9 
and he continues his determinations of equivalents unc:*:^''' 
cernedly, but we shall not follow him in these, as they pos^* 
no further interest for us. 

1 think I have now shown that Wollaston's equival*^ ^'■'^ 
present the same uncertainties as Dalton's atomic weights, -S 
that the views stated by him must be called retrograde beca-^ 
he believed that he was dealing only with real unambiguK 
conceptions, free from all hypotheses. 

It may perhaps seem that the opinion stated here is se'V^^''* 
and unjust, but when the further development of chemistry 's' 
followed up, and it is seen how a more rapid progress diiri*ig 
the succeeding decade was prevented by this very confusion of 
equivalent and atom (or combining weight), and how a rnost 
vigorous struggle was necessary before the separation of t tie 
conceptions could be re-introduced, the reader will probat'O' 
adopt my view. It is true that the blame doe.s not rest wi*h 
WoUaston alone, because a school arose in Germany also, 
probably stimulated by him, which represented the same ide^- 
This school was at first, no doubt, dominated by the gr*?-^' 
influence of Berzelius, but afterwards, especially at the beginnini' 
of the fifth decade of this century, it took the lead itself. I <^° 
not intend to withhold the details of these highly interesting 
developments, but in the next lecture I must direct attention 
to the electrical phenomena which at this time begin to exercise 
a great influence upon our science. 
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LECTURE V. ^^^^^ 

XDavv's Klectro-Chbmical Theory — Discovery ok the Alkali 
Metaijs — Discussion kkoakoinu thkir Constitution — Does 
Hydrochloric Acid contain Oxyuen? — Hydrogen Theory 
OK Acids. 

Ik we look back to the period when the alkalies were regarded 
^s simple and undecomposable substances, we can easily 
vjnderstand the enthusiasm with which the chemical world 
greeted the discovery of potassium and sodium. We are all 
familiar with the remarkable properties of these elements -with 
their metallic appearance and low specific gravity, their change- 
cibihty in the air, their easy inflammability upon water, etc. It 
can be understood, therefore, that when substances possessing 
Such properties had once been seen, illusions of all kinds were 
entertained by some people. The idea was arrived at that the 
substances hitherto known were only compounds, and that the 
aim of chemistry was now to discover the true elements, which, 
it was supposed, would re.semble potassium and sodium. It is 
likewise comprehensible why the agency which had accom|)lished 
such results should be admired and overestimated. liverything 
was supposed to be possible by means of it, and the direction 
which chemistry would neces,sarily follow — that of electro- 
chemical development — was clear to every one. The galvanic 
current, at that period an entirely new agent, had accomplished 
this marvel, and it was itself a marvellous thing. By its aid it 
had become possible to decompose compounds into their true 
elements ; hence it is not surprising that this agency was re- 
garded as identical with the one which gave rise to combinations 
/>., with affinity. It was believed that an e.xplanatii 
thereby furnished for two things, both of which stood 
of it — that is to say, for electrical and for chemical phei 
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Relieve I may almost assume that we would do similarly if we 
"vrere placed in the same position. Listen, and judge ! 

In 1 789 Galvani ' discovered that upon simultaneously 
'touching a muscle and a nerve of a frog, by means of two 
ciifferent metals which were joined together by a conductor, the 
frog was convulsed. Galvani's explanation of thi.s fact was 
«:ontroverted and replaced by another, in 1792, by Volta.- 
">Ve find the question of the cause of the electrical current 
<liscussed for a long period. Is the contact of the two metals 
sufficient to generate electricity, or must they also be separated 
liy a decompo.sable fluid conductor ? The reader is, no doubt, 
siware of the answer which we must now give to this question, 
■in accordance with our scientific principles, even although the 
opposite view is perhaps not wholly refuted.'' We cannot in 
this place further occupy our attention with these theories, 
"Nvhich belong to physics and not to chemistry. 

Nicholson and Carlisle •* observed in 1800, that upon 
<iischarging the galvanic pile through water, the latter i.s de- 
<^omposed into its constituent.s, hydrogen and o.xygen. Many 
^^ endeavours were made to observe similar phenomena in the 
^Btcases of other substances, but the first of the more important 
^^iBvestigations into the nature of the decomposition of chemical 
I corupuunds by means of the electric current, comes from 
I Berzelius and Hisinger, and was published in 1803.'' These 
j^H '*o investigators studied the action of dynamic electricity upon 
^Hsalt solutions, and, further, upon ammonia, sulphuric acid, etc. 
Their apparatus was so arranged that they were able to collect, 
separately, the constituents liberated at the difTerent poles. In 
this way they arrived at the highly remarkable result, that 
substances may be divided into two groups in respect to their 
t)ehaviour towards the galvanic current ; that hydrogen, the 
metals, the metallic oxides, the alkalies, the earths, etc., 



' De Viribus Klectricitatis in Molu Muscular! Commciilarius. Com 
•enlarii Acad. Bonuniae. \'ol. 7(1791). -' (Hornale Fisico-mcHico di L. 
;nalelli, 1794; Gren's Journal der I'hysik. [2], 2. ' Compare Wiede- 
1, tialvanismus. I, 25. ' Nicholson's Journal (quartri), 4(1801), 1" 
Ann. Chim. 51, 167. 
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separate at the negative pole of the battery, while oxygen, tl 
acids, etc., separate at the positive pole. Besides this, th 
believed that they had discovered relations between t" 
quantities of the substances decomposed, their mutual affiniti* 
and the quantities of electricity derived from the battery. 

With respect to the cause of the decomposition, they oi 
express themselves in a very uncertain manner ; they belifc:= 
that this decomposition may be explained by the greater or 1< 
attraction that the electricity exerts upon the different substanc 

I now turn to Humphry Davy's investigations, which, as 
says himself, were begun in 1800." He commenced them wi 1 
apparendy, a quite unimportant question. Even in the f^ 
experiments on the decomposition of water" it was believed t'f~:^a™ 
the formation of alkaline and of acid substances as products off 
the electrolysis had been observed. Cruicksbank* and Bru^^g- 
natelli " confirmed this observation, and a belief was entertai n ■ 'd 
in the conversion of water into alkalies and acids under t.^^^e 
influence of the electricity. Simon '" had already opposed th"' iis« 
view, and r>avy refuted it by decisive experiments." 

Davy causes the decomposition to take place in vesse 
made of different materials — glass, agate, gold, etc. — and sati - 
fies himself that the nature and quantity of the substance 
liberated are thereby varied. This leads him to the assumplio-^^^-^ 
of the decomposition of the vessel. But even when he carrie 
out the decomposition in gold vessels, he observes the formE 
tion of the volatile alkali (ammonia) and of nitric acid. These 
he now concludes, owe their formation to the air (nitrogerr" 
which was dissolved in the water. In order to satisfy himse=^^ 
of the accuracy of tliis view, he causes the decomposition 'C^ 
takfc place in closed vessels, pumping out the air which is iS" 
contact with the surface of the water, and substituting for it i 
atmosphere of hydrogen. In this way he succeeds in provir 
that pure water is decomposed by the action of the electi 
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Trent into its constituents, hydrogen and oxygen, but that no 
>ther kind of change occurs in the water ; and that all observa- 
lons of the apparent occurrence of such change arc to be ex- 
ilained either by some action upon the vessel in which the 
experiment has been conducted, or by some impurity in the 
Kater. 

I This enquiry is comparable, in many respects, with the first 
af Lavoisier's investigations.'- In both cases an endeavour is 
Tiade to refute a statement based upon inaccurate observation, 
ind that not simply by speculation, or by the assertion that it 
s in contradiction to general views. In opposition to the 
earlier superficial experiments, new ones are adduced which 
.nave been carried out with the most minute attention to all thu 
sonditions. In both cases the purpose is attained, and the 
ftlder inaccurate view is replaced by a correct one. Such 
results as those oiitaincd in these cases by Lavoisier and by 
Davy are often called negative, but most people will agree with 
me when I assert that they may be of great positive value. 
L Davy, however, does not stop here. He next investigates 
Pie decomposition of salt solutions, and finds confirmation of 
the statements of Hisinger and Berzelius. But he proceeds 
vith still greater circumspection, and endeavours to follow up 
ie phenomena more exactly. All the means are at his com- 
mand, and he does not fail to avail himself of them. 

Direct observation shows Davy that hydrogen, the alkalies, 
je metals, etc., are separated by means of the current at the 
legative pole, and oxygen and the acids at the positive pole, 
from this he concludes that the former substances possess a 
lositive, while oxygen and the acids possess a negative electri-.. 
lal energy ; that in this case, as usual, the oppositely electrified 
todies attract each other ; and that, in consequence, the posi- 
ive substances separate at the negative pole, and vice versa, 
n this assumption Davy had arrived at a conception, or, sh 
say, an explanation of the phenomena of decomi: 
Stved in the galvanic circuit. But he goes a step 

" See p. aa. 
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combination and decomposition to 



tries to refer all chemical 
similar causes. 

Volta had assumed ^^ that simple contact of two hetero- 
geneous bodies was sufficient to place them in opposite electri- 
cal conditions, and this hypothesis explained the generation of 
the electric current to himself and to his numerous followers, 
Davy identified himself with this opinion, and tried to prove 
its accuracy by direct experiments.'* He brought dr)', in- 
sulated acids into contact with metals, and showed by means 
of the gold-leaf electroscope that the acids thereby become 
negatively, and the metals positively electrified. He observed 
similar phenomena on rubbing sulphur upon copper, when 
the former became negative and the latter positive. Davy 
found further that these electrical energies which, in the last 
case, for instance, are only slight at ordinary temperatures, 
increase considerably on heating, and are very great at th& H 
melting-point of sulphur. On still further elevating th e—* 
temperature, the two substances unite with evolution of lights 
and the compound obtained is non-electric. Davy con — 
eludes from this that the combination consists in a mutual 
discharge of the opjwsite electricities, and that heat andL 
light, which appear simultaneously, are consequences of thif^ 
discharge. According to him, chemical affinity is produced by 
difference in electrical condition, and the aflSnity increases or 
diminishes the greater or less this difference is. In cases 
where there is considerable difference of energy, equalisation 
is accompanied by phenomena of fire ; with feebly electrified 
substances, only small quantities of heat are evolved ; but if 
combination is to take place at all, the electrical energy must 
always be able to overcome the cohesion of the substances. 
Davy tries to prove directly the dependence of chemical 
affinity upon electrical condition, since he says : — ^■' 

"As the chemical attraction between two bodies seems to 
be destroyed by giving one of them an electrical state different 



" Brugnatelti, Ann. di. Chitn. 13 and 14 ; compare also Ann. Chini. 
40, 225. '■' I^hil. Trans. 1807, 32. '" Ibid. 1807, 39. 
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t^ from that which it naturally possesses ; that is, by bringing it 
r artificially into a state similar to the other, so it may be in- 
I Ceased by exalting its natural energy. Thus, whilst zinc, one 
^^ of the most oxidable of the metals, is incapable of combining 
^h '^Tth oxygen when negatively electrified in the circuit, even by 
^•* feeble power ; silver, one of the least oxidable, easily unites 
'o it when positively electrified ; and the same thing might be 
^id of other metals." 

He observes in another place that if there were no cohesion, 
6 chemical attraction would necessarily be proportional to the 
'•metrical forces. Both are, in his view, effects of the same 
^'er, which, if it extends to the mass of a substance, gives 
'''C to electricity, while, if it excites the smallest particles, it 
*>duces affinity.''^ By the action of the electric current, the 
'_^t^tricity which was liberated from the atoms upon their com- 
bination, is restored to them again, and decomposition is there- 
by effected. In this action the positive substance goes to the 
'^'^gative pole and vice versa. 
^K^ It must be admitted that these views start from a simple 
^^'''iti a clear idea, and that by the application of this idea they 
^'^plain the observed facts in a way that is easily understood. 
*hey therefore fulfil the conditions which are required in a 
Scientific hypothesis, and secure that their founder, Davy, shall 
always be regarded as an investigator of undoubted originality. 
Uavy's fame spread very rapid!)', and, when he succeeded, a 
year afterwards, in isolating the alkali metals, it appeared as if 
he had, for the first time, pointed out the proper line of ad- 
vance in chemistry. It is true thai Davy's theory was illumi- 
nated by but short glimpses of sunshine, for ten years later we 
^m find that it is abandoned. It was certain to fall as soon as the 
^Bcontact with one another of heterogeneous substances was no 
' longer regarded as a source of the excitation of electricity ; and 
the affirmative view with respect to this matter was soon vigor- 
ously contested. Ritter, in particular, strove to show '^ that 



" Davy, Elements of Chemical Philosophy, 165. '" RiUer, Elek- 
ches System, 49 ; see also Gehlert's Phrakalisches Worterbueh. 4, 70- 
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galvanic currents are only produced simultaneously with the 
occurrence of chemical decompositions. He assumed that 
electrical phenomena are the consequences of chemical pro- 
cesses, but that mere contact is not sufficient to produce 
different electrical conditions. 

Davy's theory could not be brought into harmony with 
these views, and accordingly it was given up. This was not, 
however, on chemical but on physical grounds. A new system 
had in fact already arisen, which wa.s able effectively to take the 
place of the old one. This was the electro-chemical theory of 
Berzelius. I postpone its discussion until the next lecture, 
because otherwise I should require to enter fully into the re- 
searches of Berzelius ; whereas I desire at this place to explai" 
more clearly the influence of Davy upon chemistry, by giving 
some account of the discovery of potassium and sodium, and 
of the discussion regarding the nature of these substances. 

In the course of his investigations respecting the conversion 
of water into acid and basic substances, Davy had had oppc"'' 
tunity of gaining a knowledge of the decomposing power of 'he 
electrical current, since neither glass, agate, nor felspar had 
proved able to resist its effects. He thus hit upon the idea o' 
exposing the alkalies also to this action, in order to separate 
them into their constituents if any such were present in them- 
For these experiments he first employs concentrated aqueous 
solutions of potassium and of sodium hydroxides; and as he 
does not succeed in obtaining products of their decomposition 
in this way, he next passes the current through the fus^" 
alkalies. He now observes the formation of small metallic 
globules, which burn, however, with great brilliancy, as soon a* 
they come into contact with the air. Vet, by suitable anang''' 
ments, he succeeds in isolating small quantities of potassium 
and of sodium, and in studying their most important properties- 
I remark, in passing, that he only obtained potassium in ''"•' 
fused state. (Jay-Lussac and Thenard, who showed how '" 
effect the reduction of the alkali metals by means of iron, m 
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i8,^' first proved that potassium is solid at ordinary tempera- 
:s. They used purer materials, and, by their method, they 

much larger quantities of the new substances at their 
3osal. 
I cannot enter here into the complete history of potassium 

sodium, although the subject becomes highly interesting 
1 the facts that all Davy's experiments are at once checked 
the French chemists ; that the latter then bring forward 
^pendent results, which Davy doubts j and so forth. But 

point in this somewhat vigorously sustained discussion 
ns to me to be of sufficient importance to deserve attention, 
>ely, the views concerning the constitution of potassium 

of sodium, and those concerning their relation to the 
ilies. 

In the decomposition of the alkalies, Davy had observed 
; the potassium and sodium appear at the negative pole, 
1st oxygen is simultaneously evolved at the positive pole.** 
had further found that the new substances possessed the 
petty of reducing metallic oxides ; ^^ and he believed that 
alkalies were reproduced when the metals were burned in 
gen.^ From these results he draws the conclusions that 

alkalies are the oxides of metals, and that the substances 
has discovered are the metals themselves.^^ The physical 
parties of the substances, especially their metallic lustre, 
ported this view, although their low specific gravity seemed 
be an argument, but not a sufficient one, against his con- 
iions. Davy accordingly proposes, for the substances, the 
ties Potassium and Sodiutn, in which the termination is 
•nded to indicate their metallic nature. 
Davy now holds so firmly to this hypothesis regarding the 
stitution of the alkahes, that he also regards as oxides many 
er substances about whose composition the evidence is not 
by any means so clear. Thus, like his contemporaries, he 

"Ann. Chim. 65, 325. -» Phil. Trans. 1808, 6; .^.C.R. 6, 10. 

'hil. Trans! 1808, 19; A.C.R. 6, 22. 22 phj). jrans. 1808, 8; 

•R. 6, II. =» Phil. Trans. 1808, 32 ; A.C.R. 6, 34. 



78 



HISTORY OF CHEMISTRY. 



[lecti?re v. 



substance obtained upon burning potassium is different from 
potash, in so far that it contains more oxygen than the Inttet; 
and they point out that the fai:t of potassium containing 
hydrogen would necessitate that the new oxide should contain 
water, since the production of uncombined water is not obseni'ed 
during the combustion. Further, as the oxide is decomposed 
by dry carbonic anhydride with the formation of oxygen and 
potassium carbonate, their hypothesis as to the coniiwsilion of 
jiotassiuni leads to the assumption of the presence of water m 
salts, in cases where analysis does not reveal any. 

From this period onwards the non-decomposability of the 
metals was no longer seriously doubted. At the same time the 
elementary nature of phosphorus and of sulphur was estab- 
lished anew by decisive experiments of Gay-Lussac ar"i 
Thenard,'" and the view that ammonia contained oxygen «■»* 
recogni.sed as an error by the younger BerthoUet.*^ 

To the foregoing, I may add an account of another scien- 
tific discussion, between Davy on the one hand, and t"'')'" 
Lu.ssac and 'I'henard on the other, which is also nf importance 
inasmuch as it ted to the overthrow of Lavoisier's theor)' O' 



acids. The discussion in question touches the composition 



of 



hydrochloric acid. In this acid, as in all others, I^voisier hao 
assumed the existence of oxygen. Its presence there had never 
been established, it is true, but the general theory re(|uireil it t 
and as this theory was almost universally adopted, the exi.stencc 
of oxygen in hydrochloric acid seemed to be unquestionable 
I say it was almost universally adopted, because Berthollet, fo» 
instance, was of a different opinion. In 1787 the latter ha^* 
examined hydrocj'anic acid, discovered some time previously 
by Scheelc,''^ and had found in it carbon, hydrogen, an** 
nitrogen only. It was likewise known, from other investig^*-' 
tions by Scheele, that sulphuretted hydrogen contains hydroge* 
and sulphur only ; and consequently Berthollet felt justified i* 
regarding other elements as acid-producing, as well as oxygen. 

*• Rech. phys. chini. I, 125. ■" Ann. Chim. 73, 229. " M<t»' 
d'Aicual. 2, 268. " Ann. Chim. i, 30. ** Stat. Chim. 2, S ; E. 2, * 
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He does not appear, however, to have had many adherents in 
this view, and, so far as hydrochloric acid is concerned, he also 
assumed the existence of oxygen in it. Chlorine was looked 
upon as oxygenated muriatic acid, and was supposed to be pro- 
duced from muriatic (hydrochloric) acid by its taking up oxygen. 
These latter views were strengthened by the experiments of 
Henry, and by the interpretation of them which he gave.*^ 
He passed electric sparks through gaseous hydrochloric acid, 
which was confined over mercury, and obtained hydrogen, 
while the metal was simultaneously attacked by what he 
believed to be free oxygen. This led him to the assumption 
°f the presence of water in hydrochloric acid, a view which 
found general approval since the investigations of others 
appeared to be in agreement with it. 

In 1808, Davy had decomposed hydrochloric acid by 
•neans of potassium,** and in this way had obtained hydrogen 
and. potassium chloride, the latter of which he had also pre- 
pared by burning potassium in chlorine. He showed, in 1809, 
wat the chlorides (muriates) of the metals are not decomposed 
W heating them with phosphoric glass,*' or with silicic anhy- 
dride, but that decomposition at once begins when aqueous 
vapour is passed over the mixture.** Davy was of opinion that 
Henry's hypothesis furnished the explanation of these experi- 
ments, and that hydrochloric acid could only be separated as 
soon as the quantity of water necessary for its existence was 
supplied. Gay-Lussac and Thenard further showed, about the 
same time, that water is produced as well as silver chloride by 
fne action of this acid upon silver oxide ; and, as formerly, they 
assumed that this water was already present in the hydrochloric 
acid.*!" They then effected the synthesis of the acid, by expos- 
'"g a mixture of chlorine and hydrogen to sunlight.''" On this 
•occasion, they advance a complete theory regarding hydro- 



„ * Phil. Trans. 1800, 191. *• Ibid. 1809, 91 ; A.C.R. O, 7. 

i^nosphoric glass is calcium metaphosphate ; obtained by sufficiently 
fongly heating monocalcium phosphate. ** Phil. Trans. 1809, 93 ; 
*--R- 9, 9. * Rech. phys. chim. 2, 1 18. "» Ibid. 2, l$9. 
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alto, would then necessarily fall into two dasses; nr 
words, it would \yc necessai)' to assume difSerenoes ia 



of substa 



rhose behavioar i 



ttitution in a series i 

every respect. He thinks, further. 

eluding from the laws of combination, that chkntue b isat i 

clement. I do not enter more minutely into the nutter siol 

his arguments had little effect. They came too late. Ci 

I.ussac')! investigation of hydrocyanic acid in the same jeui 

indisputably proves the acid nature of this comptound, and tl 

fact that it does not contain oxygen ; and hence even B< 

zclius cannot maintain Lavoisier's definition of the acids ai 

of the acidifying principle. 

Some other cause which might furnish the acid characj 
observed in certain substances was now sought for. Tl 
conception of an acid seemed so definite at that time, and tl 
substances included in this class were so distinctly separati 
from all other substances, that it was necessary to enquire ia 
the cause which occasioned this difference. Besides, it cann 
be denied that Lavoisier, and even the chemists of the beginnii 
of this century were still influenced, in a certain respect, by tl 
ideas of the (Ireek philosophers. Just as the latter ascrib 
general [iroperlies to the presence of a common constituent al 
idenlifiud the particular property to a certain extent with 
particular coiisiituent — just as they explained combustibili) 
for example, by the presence of a fire-material — so Lavoisi 
and his adherents believed that in oxygen they had discoveu 
the acidifying principle. 

In a similar manner we find Davy, after he was satisS 
that hydrochloric acid contains hydrogen and chlorine on 
stating the view that the chlorin? is the acidifying principle 
it, and the hydrogen its basis or radical.-'" .\t a later di 
Gay-Lussac '"' introduces the name " hydracids " for the ad 
free from oxygen, and places hydrochloric acid, hydrocyal 
acid, sulphuretted hydrogen, and hydriodic acid in this cLl 



" Ann. Chim. 95, 136. « 

•• Ann. Cliini. 91, 14S: 95, 162. 
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Even if the cause of the acid nature was to be found in the 

cWonrie, iodine, etc., rather than in the hydrogen, stili the latter 

was the common constituent of them all, and hence better 

adayited to the formation of a name. Davy's investigations upon 

chloric and iodic acids lead him to much more general views. 

" Acidity does not depend upon any peculiar elementary sulj- 

stance, hut upon peculiar combinalions of various substances." ^^ 

•^t this time he seeks to prove that it is not o.\ygen which 

determines the peculiar character of an acid. Thus, for 

example, when oxygen is united to common salt, the neutrality 

°f the substance is not disturbed ; whereas, on the other hand, 

"le saturating capacity of chloric acid is not altered when all 

the oxygen is removed from it. This obliges Davy no longer 

'" regard chloric acid (in accordance w-ith Lavoisier's view) as 

^^ Oxide of the radical chlorine, which, combined with water, 

'"Trs the hydrated acid. He finds that, without water, chloric 

^•^icl cannot exist ; and for this reason he regards it as a ternary 

'^'^lipound of hydrogen, chlorine, and oxygen. Again, the 

''*Stence of euchlorine, which he obtains from chloric acid 

^•^cl hydrochloric acid,*- provides him with a reason against 

^Voisier's hypothesis regarding acids. 

The principles of a new theory of acids are included in 

^■vy's discussions; but he did not follow tliem up sufiRciently, 

°*^Herwise, they might have ])revenled the distinction which 

"^w began to be drawn between acids which did and those 

*^r>ich did not contain oxygen. The same remark holds 

"Kewise with respect to Dukmg, who had read a paper before 

tr»^ French .\cademy in 18 15, in which he had stated his view 

'^'^garding acids. This paper, unfortunately, does not appear 

'^ have been printed in extenso, and therefore I am able to 

R*ve but little account of it."^ Dulong, on this occasion, 

^''amined cixalic acid. The behaviour of some of its salts, 

**Viich give off water when heated, led him to the opinion that 

^ne acid might be regarded as a hydrogen compound of 

"Phil. Trans. 1815,219. "» Ibid. i8ti, 155 ; A.C.R. 9, 63. «> M^m. 
•ItrAcad. 1813-1815, Hisloire, p. cxcviii. ; see also Schweigger's Journal. 
«7, 229; Ann. Phil. 7, 231. 
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LECTURE VI. 

vs AND HIS Chemical System — Dulong and Pktit'.s Law 

iOMORI'HISM— PROUT's HvrOTHESIS— DuMAS' V'APOL'R-DBNSITY 
rERMINATIONS— GMELIiS AND HIS SCHOOL. 

,1US adopts dualism as the basis of his system. Even 
his time, the majority of compounds had been looked 
} consisting of two parts. A uniform mode of regarding 
I this aspect became possible to a still greater degree in 
it of the electro-chemical phenomena, and it is the great 
f Berzelius to have introduced this into the science and 
■ established it. 

his view, compound substances are produced by the 
ment of the atoms side by side.' Compounds of the 
ier are formed in this way from the smallest particles of 
nents ; these compounds give rise in turn to the forma- 
compounds of the second order ; and so on. Berzelius, 
predecessors, seeks, in affinity, the reason for the com- 
3 of two atoms, but this again is for him, as it was fot 
t consequence of the electrical properties of the smallest 
s. He differs from Davy very essentially, however, in 
nner in which he assumes the electrical distribution. 
lite apart from this, the two theories are not to be 
ed as regards their importance for our science. Davy, 
bt, advanced ingenious ideas as to the mode in which 
sidered the chemical and electrical phenomena to le 
lated ; but from these hypotheses, by means of which a 

■i sur la iheoric des proportion^ chimiques et sur I'influence 
! de rElcctricit^, 26. See also Berzelius, Lehrbuch der Chemie, 
lilion, Vol. 3, part I. Compare also Schwcigger's Journal. 6 




, be nCTer 
serve as the 
BenditB was the fiisi to do 
He's task to <^»M>sh in diemisCr}- a 
be appikable to all the known 
k. Hence hb views are of far 
! io tbe derdooment of chemistry than those 
of Dary are. 

Acoofdng to Benetms, n ts not only when two substances 
are b to u gjh l iato contact tfaat dectrictty is generated, but it Ib 
a prop atj ot matter; and in eren- atom, two oppositely 
dectiical poles are assumed.* These poles do not, however, 
contain equal quantities of ekctncity. The atoins are unipolar, 
the elearicity of the one pole predominating over that of the 
other; and thtis every atom (and therefore ever)' element) 
appears to be either positively or negatively electrical. In this 
respect it is possible to arrange the elementary substances into 
a series, so that each member is always more electro-negative 
than the next succeeding one. Oxygen stands at the top, and 
is absolutely electro-negative,' while the other substances are 
only relatively positive or negative according as they are com- 
pared with elements which come before them or after them 
in the electrical series. This series does not constitute a table 
of affinities in the GeoflTroy- Bergman sense ; and it does not 
e.\press the affinity of the individual substances for oxygen, for 
example. Beriielius has not forgotten Eerthollet's teaching, 
that affinity is not of a constant character and independent of 
the [jhysical conditions, as he .supposes this unipolarity to be; 
and he is also well aware that oxygen can be removed froi" 
metallic oxides by carbon or sulphur, that is to say, by other 
elcitro-negative substances. With him, affinity depends princi- 
pally upon the intensity of the polarity, {.(., upon the quantity 
of electricity which is contained in the two poles. This is 
variable, however, especially with changes of temperature. 



• In Schwei((gei'is Journal. 6, 129, where be stales hi 
Sty in cicuil, Beneliui calls oxygen electro-positive. 



rURE VI.] 



HISTOKV OF CHEMISTRV. 



87 



ally speaking, it is increased by supplying more heat, and 
this explains why certain combinations only take place at a 
high temperature.* 

During the combination of two elements, the atoms 
arrange themselves with their opposite poles towards each 
other, and mutually discharge their free electricities, whereby 
the phenomena of heat and of light are produced. The old 
doctrine is explained at the same time — Corpora non agunt nisi 
soluta (substances do not interact unless dissolved), since free 
motion of the smallest particles is only possible in the liquid 
state. When a substance is subjected to the action of the 
electric current, the latter restores to the atoms their original 
polaritj-, whereby the substance breaks up into its constituents. 

^A compound of the first order is not electrically {nor yet 
mically) inactive, since, during the combination, only one 
jvu.e of each atom is neutralised ; it is stili unipolar, and it can 
enter into further combinations (of the second order) which are 
hkewise endowed with electrical forces ; but the intensities of 
these forces diminish, the higher the order of the compound 
becomes, since the stronger poles are, in general, neutralised 
first. .According to Berzelius, the specific unipolarity of the 
oxides depends solely upon the radical or element combined 
with the oxygen. The latter gives rise to the most powerfully 
electro-positive and electro-negative substances (alkalies and 
acids) ; and as it cannot, therefore, be itself the cause in both 
cases, it cannot be the cause in either.'' 

All chemical reactions, and, consequently, the phenomena 
of heat and light that accompany them, are, according to 
Berzelius, produced by electricity, which " thus seems to be the 
^^Bt cause of the activity all around us in nature." " 
^B If a substance C is to decompose the compound AB, so 
^■Bt B may become free, then C must be able to neutralise a 
P^Kater amount of the electrical polarity of A than B can. 
Further, a mutual exchange between AB and CD only occurs 



* L^hrlmch. Second Edition, Vol. 3, Dresden (1827), part I, 73-74. 
' Ibid. 76. » Ibid. 77. 
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if the electrical polarities are better equalised in ^Cand BD 
than they wertr ])reviously. In reactions of this kind, Bcr- 
zelius, like Herthollet, assumes an influence upon the rL'sulting 
phenomena, of the quantities of the substances present and ol 
cohesion ; but he diflfers from BerthoUet in regarding the affinity 
as a function of the electrical polarity, and as independent of 
the saturating capacity of the substance. 

This theory constitutes the basis of the dualistic theory of 
chemical composition. Berzelius establishes it as follows :— ' 

" If the electro-chemical views are accurate, it follows that 
every chemical combination depends wholly and only upon 
two opposite forces, namely, the positive and the negative 
electricities, and that every compound must be composed <^' 
two parts, united _by the effects of their electro-chemical reac- 
tions, since there is not any third force. From this it follows 
that every compound substance, whatever the number of its 
constituents may be, can be divided into two parts, of vrhicrri 
the one is positively and the other is negatively electrica-l-B 
Thus, for e.vample, sulphate of soda is not composed of sulpli«J''» 
oxygen, and sodium, but of sulphuric acid and soda, each o* 
which can, in turn, be separately divided into an electro- 
positive and an electro-negative constituent. In the same wa>'» ^ 
also, alum cannot be regarded as immediately composed of *'® ^ 
elementary constituents, but is to be looked upon as the pr*'" 
duct of the reaction of sulphate of alumina, as negative elemer'*^' 
with sulphate of potash, as positive element ; and thus ^"^ 
electro-chemical view justifies what I have said with respect ^ b 
compound atoms of the first, second, third, etc., orders." V 

As may be perceived from this, Berzelius had formed 
definite opinion as to the composition of compounds, and ^ 
went so far with this opinion, that he regarded as inadmissi^ 
the assumption, which lies readiest to hand, that the substa*^ 
is composed of its elementary constituents. He thought *■ 
knew the arrangement of the atoms in compounds so minut<^ / 



(principally from the decompositions which they undenV^ 



nt, 



"ich. 3, |Mri I, 7g-8o. 
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subjected to the influenct: of the electric current), that he 
ily regarded one particular view as possible. 

As an appendix to the compounds, Berzelius takes solu- 

ms into consideration. He does not place these in the same 

ass with the compounds, because a disappearance of heat is 

rved during their formation, and therefore no electrical 

large can take place in the operation.-^ 

Before proceeding to the further statement of the system 

Berzelius (especially before turning to his interesting and 

^mely important method of atomic weight determinations) 
sh to say something about the nomenclature ^ and the 
tern of notation,'" which he had proposed some years 
ore. In doing so, I can be all the more concise, as the 
er is merely the perfecting of the system introduced by 
:on, Lavoisier, Berthollet, and Fourcroy,'^ and both are, 
loubt, well known. I can, therefore, confine myself to 
is of essential importance, or is characteristic of the point 
sw of Berzelius. 

iibstances are divided into ponderables and imponderables, 
ngst the latter we find electricity, magnetism, heat, and 
The former are divided into elements and compounds, 
ions and mixtures. Amongst the simple substances, 
alius places the metals and the metalloids. He uses a 
here which Erman had employed before him for desig- 
ig the metals of the alkahes and of the earths ; '-' but 
elius is the first to give it the meaning that we still attach 

The oxygen compounds are either called oxides or acids, 
substances of this class which possess neither basic nor 
properties, and contain relatively little of the negative 
2nt, are called sub-oxides. The basic salt-forming oxygen 
"pounds are designated oxides ; when an element or a 
jcal forms two substances of this kind, these are distinguished 
e terminations of the specific name. This is very easy 






.ehrbuch. 3, part I, 80. » Journ. de Phys. 73, 253. 
" Compare p. 32. " Gilb. Ann. 42, 45. 



'" Essai etc. 



90 



HISTORY OF CHEMISTRY. 



[lecti'rb vr. 



in the Latin nomenclature (which Berzelius proposes to 
employ); for example, oxidum ferrosum (with the smaller ratio 
of oxygen) and oxidum ferricum. Finally, superoxides are also 
distinguished. These contain a relatively large proportion of 
oxygen, and must be reduced before they form salts. 

What Berzelius says respecting compounds with water, is of 
interest. According to him, water may occur in compounds, 
combined in three different ways. It plays the part, either of 
an acid, as in the caustic alkalies, or of a base, when it unites 
with acids. In both of these cases it is called water of hydra- 
tion, and is distinguished from water of crystallisation which 
unites with salts, and can be separated from these again, without 
their being, thereby, essentially changed in their nature. 

The system of notation of Berzelius is original with himself, 
and, up to the present, it has always proved so thoroughly 
practical that we have retained his proposals almost without 
alteration. In his system, the atom of an element is represented 
by the initial letter of the Latin name of the element ; and by 
placing the symbols side by side, the atoms of compounds are 
obtained. ^Vhen several atoms of one element occur in * 
compound, a figure giving the number of these is placed after 
the letter, and above (or below) the line. The so-called douW^ 
atoms {i.e., two atoms of an element, which occur together) 
constitute an exception to this ; in these the symbol for '"'^ 
atom is " barred." i** Thus, for example, H = Hj, or two atoms 
of hydrogen ; MO = HjO, or one atom of water, consisting '^ 
two atoms of hydrogen and one of oxygen, etc. 

In the cases of more complicated compounds, several lette" 



of 
of 



are separated from others by the sign + ; and the mode 
division is dependent on the dualistic view. For the sake 
shortness, the atom of oxygen is often represented by a poJf* ' 
and that of sulphur by a vertical stroke; and in compouno^ 
these marks are placed above the symbol of the element '*^''^ 
which the oxygen or sulphur is combined — a method of writ'^e 
formulfe that has now, however, been abandoned. 



" Lehrbuch. 3, part I, 108. 
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[with these indications, we shall now leave this matter, and 
on to a much more important subject in the system of 
Jerzelius, that is, to the mode by which he determined the 
lumber of atoms in a compound. He was the first who took 
ccount of purely chemical facts in these determinations. He 
ejects Dalton's rules entirely, pointing out, with justice, their 
roundlessness : — "When only one compound is known, there 
I surely something arbitrary in assuming that it consists of 
ne atom of each clement, altogether regardless of the other 
;Iations of the compound." '■* 

t, Berzelius tries to establish the view, however, that regu- 
ties must exist, which determine the number of the atoms 
t mutually combine with one another.^" He argues that if 
■unlimited number of atoms of one element could combine 
ith an unlimited number of atoms of another, there would, in 
lis way, be produced an infinite number of compounds which 
ould differ so little in composition that even our best analyses 
■ould fail to show any difference. The view that substances 
onsist of indivisible atoms, and that chemical compounds are 
reduced by the arrangement of these atoms side by side, is 
ot sufficient to explain multiple proportions. In the combina- 

fi of atoms, special laws must prevail which limit the number 
the compounds ; and it is upon these laws, in particular, 
t chemical proportions depend. 
He finds his first basis in Gay-Lussac's law of gaseous 
■olumes. 

^This law appears to him to permit of an unequivocal 
ision of the question, since, with him, atom and volume are 
identical in the case of sinijile gases. " We know, for example, 
itith certainty the relative number of atoms of nitrogen and of 
^^gen in the different stages of oxidation of nitrogen ; that of 
nitrogen and of hydrogen in ammonia ; that of chlorine and 
Jxygen in the different stages of oxidation of chlorine;""' and 
' on. Amongst the gases, the law of multiple proportions 



i " Lehrbuch. 3, part I, 88. 
1 1, 89. 



'^ Essaj etc. 28. 
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finds confirmation in Gay-Lussac's rule; and, by measming 
the volumes, Berzeltus can here determine the number of 
atoms which mutually combine with one another. For example, 
since two volumes of hydrogen unite with one volume of oxygen, 
water consists of two atoms of hydrogen and one atom of 
oxygen. He cannot conceive how anyone can be of a different 
opioion, and he engages in controversy with Thomson, who 
only assumes half as many atoms in one volume of hydrogen 
as in one volume of oxygen. 

" It has been assumed that water is composed of an atom 
of oxygen and an atom of hydrogen ; but since it contains two 
volumes of the latter gas for one of the former, it was concluded 
that in hydrogen and in inflammable substances generally, the 
volume weighs only half as much as the atom, while in oxygen, 
volume and atom have the same weight. As this is only an 
arbitrarj' assumption, the accuracy of which cannot even be 
tested, it apf)ears to me much simpler and more conformable 
with probability to assume the same relation of weight between 
the volume and the atom in the combustible substances as in 
oxygen ; because there is nothing which should make us 
suppose a difference between them. If water is regarded as 
composed of two atoms of radical and one atom of oxygen, 
then the corpuscular (atomic) and the volume theories coincide, 
so that their difference only consists in the state of aggregation 
in which they present the substances to us." ^'^ 

It must be mentioned that Berzelius does not extend to the 
compound gases, his view as to the identity of volume and 
atom, but considers that the atoms of these neither occupy the 
I same space as the atoms of the elements nor show uniformity 
of volume amongst themselves. That this is so, follows from 
his atomic weight estimations. With him, H= i = i volume or 
I atom of hydrogen ; H^O = 18 = 2 volumes or i atom of water j 
ittrl = 73 = 4 volumes or i atom of hydrochloric acid, etc.'*'' 

" Lehrbuch. 3, part I, 44-45. " It is true that he calls HCI = 36.5 an 
atom of hydrochloric acid and says H& is the doutile atom (see Lehrbuch), 
hut for the most part he actually employs the formula i4€l. I return to this 
again, however, farther on. 
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Berzelius does not adopt the distinction between physical 

*nd chemical atoms, introduced by Avogadro and Ampere ; 

*nd he endeavours to surmount the difficulty which had led 

Ualton to regard Gay-Lussacs law as inaccurate, by completely 

Separating from one another the elementary and the compound 

gases. 

It is clear that the law of gaseous volumes, together with 

'''e conclusions that Berzelius draws from it, is insufficient. It 

•^n only be used to determine the relative number of atoms in 

3 Very few compounds, and the founder of the first chemical 

System is, therefore, obliged to seek for other generalisations of 

'^ore universal validity. He advances the following rules, *" 

"'hich are intended, however, to apply to inorganic compounds 
only, 

I. One atom of an element combines with i, 2, 3, etc., 
atoms of another element. 
He does not state the limit. In 1819, he thinks that 
"^'-**'e than four atoms of one element seldom combine with 
°^^ atom of another; afterwards {1828) he drops this limita- 

11. Two atoms of an element combine with 3 or with 5 

atoms of another element. 

I'his rule leads him to a discussion of the question as to 

Pother a compound of 2 atoms of one element with 4 or 

.^'"^ 6 of another element is identical or not with the combina- 

''-**i of 1 atom of the first element with 2 or with 3 of the 

^'^^ond. In his Te.xt-book {i 828) he leans to the latter opinion ; 

y this time, isomeric compounds were known. 

The laws of combination of compound atoms of the first, 

^^*^c>nd, and third orders are quite similar, but certain limita- 

**^ns here come into play, arising from the fact that when 

'-^rnpound atoms combine, they have either the electro- 

'^^^Kative, or else, less frequently, the electro-positive constituent 

•^ornmon to both, and the proportions in which these atoms 

*-nen combine are determined bv the common element in such 
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a way that the quantities of the latter in the one constituer^* 
stand to those in the other as i to i, 2, 3, 4, 5, 6, etc.; as 3 
to 2 or 4 ; or finally, as 5 to a, 3, 4, 4 A, and 6.-" 

It is interesting to see how, by the aid of these nilc-^' 
Berzelius determines the number of atoms contained in ^ 
compound. As an example, I choose the oxygen compound ^'' 
which are unquestionably of the greatest importance. • 

Berzelius believes he has discovered (especially from tl^»-' 
consideration of the proportions by volume in the case of gas€SS=) 
that it is usually the electro-negative constituent of whic 
several atoms occur, and, therefore, in the case to be examine- 
here, the above mentioned rules take the following form.-' 

I. When an element or radical forms several oxides, an<^ 
the quantities of oxygen in these, as compared wit! 
a given quantity of the other element, stand to eac 
other as i to 2, it must be assumed that the firs 
compound consists of i atom of radical and 
atom of oxygen ; the second, of i atom of radicE 
and 2 atoms of oxygen {or 2 atoms of radical an- 
4 atoms of oxygen). When the proportions ar 
as 2 to 3, the first compound consists of i atoi "^^ 
of radical and 2 atoms of oxygen : the second, 1 
I atom of radical and 3 atoms of oxygen, and so or 
In conformity with this rule, Berzelius, in 1819, write 
soda NaOa and the peroxide NaO, ; and his formulae for th 
/ * '1 other oxides are similar. Thus it comes about that the atomi 
weights which he proposes for the metals at this period, an 
double those which he definitely adopts afterwards (1S28). 
Influenced by reasons which we shall immediately learn, 
makes, in his Text-book, the following addition to Rule I :—- 
When the proportion of the quantities of oxygen 
two compounds is as 2 to 3, then in the first, 
atom of radical can also be combined with i ata 
of oxygen, and, in the second, 2 atoms of radic 
can be combined with 3 atoms of oxygen. 

* Lehrbuch. 3, part I, 40. ^ Essai etc. iiS. ^ BencTius, Jah«-<s- 
tkht iSiS, 7j. '•° Lehrbuch. 3, part I, 90. 
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H 11. When a positive oxide combines with a negative one 
H (a base with an acid, for example), the oxygen in 

^B the latter is a multiple, by a whole number, of that 

^B in the former, and this number usually is, at the 

^H same time, the number of the oxygen atoms in the 

negative oxide. 

These are the only two rules which Berzelius advances in 
S19 in his theory of chemical proportions. In the translation of 
■^e second edition of his Text-book (the first German edition) 
ew rules are added, called forth by Mitscherlich's discovery of 
omorphism, and by the relations which Dulong and Petit had 
kund (1819) between the atomic weights and the specific heats 
F solid elements. 

Since both of these investigations are of the greatest 
nportance with respect to the views of Berzelius upon the 
uestion now under discussion, I shall here introduce the 
;sults of these investigations, and shall then proceed with the 
jnsideration of the atomic weight determinations. 

Dulong and Petit proved, by exact experiments,-^ that the 
roducts obtained by multiplying the specific heats of bi.smuth, 
ad, gold, platinum, tin, silver, zinc, tellurium, copper, nickel, 
on, cobalt, and sulphur, by the respective atomic weights of 
lese elements, are almost identical ; and from this fact they 
rew the conclusion that the same regularity would hold with 
»spect to all the elements and would lead to the exact 
etermination of their atomic weights. 

In order to establish the law, Dulong and Petit had 
ssumed the atomic weights of most of the metals, with 
sference to that of sulphur, to be only half as great as 
(erzelius had stated them in 1819. They assumed 201 for 
lie atomic weight of sulphur (0= 100), as Berzelius had done, 
nd then made Fe = 339, whereas Berzelius had adopted 693. 
according to their law, the atomic weight of silver was only 
Oe-fourth of Berzelius' number. In the cases of tellurium and 
'^cobalt, they arrive at results which are still further at variance 
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with his, but these do not merit any confidence, as later 
observers (Regnault '^ and Kopp =*) have found other numbers 
which agree beltpr. 

I rtjay take this opportunity to state that Neumann showed, 
in 1 83 1,-' that Dulong and Petit's law may also be extended 
to compounds of analogous composition ; that is to say, the 
specific heats of these compounds multiplied by their equiva- , 
lent weights .(as Neumann calls them) give equal products. 1 
The law was proved, in particular, for the carbonates and the , 
sulphates. 

Before I fiass on to Mitscherlich's interesting results, I wish 
to make some historical remarks by way of preface. With 
Hauy, the crystalline form (primative form) was an important 
characteristic for the determination of the nature of a substance; 
difference of form being, in his view, a ground for assuming a 
different composition,-'* although BerthoHet contested this.** 
Gay-Lussac observed, in 1816, that crystals of potash alum 
increase in volume in a solution of ammonia alum, without 
altering in shape. ^^ Beudant^' also made very interesting 
statements in this connection ; and, as early as 1817, J. N. v. 
Fuchs ^-' drew attention to the similarity of the crystalline forms- 
of arragonite, strontianite, and cerussite. Gehlen stated that: 
he had succeeded in preparing crystals of alum with soda.** 

These were isolated observations, which were insufficient^ 
to overthrow Hauy's doctrine, and which only attained to an>= 
importance through Mitscherlich's discovery of isomorphism.^*^ 
In 1820, Mitscherlich established the fact that the corre- 
sponding phosphates and arseniates, with the same number 
atoms of water, possess the same crystalline form, so that ever^ 
the secondary forms coincide. Even at that time, the sami 
number of atoms was assumed to be present in both acids, am 



» Ann. Chim. [2] 73, 5 ; ibid. [3] I, 129 ; 9, 322 etc. ''» .^nnalei 
Hupplemenlary Vol. 3, 291. ^ Pogg. Ann. 33, I. '■" Traite de min^ralogi - 
-■» Stat. Chim. I, 433 ; E. I, 432. *" Kopp, Geschichtc. 2, 406. " An 
Chim. [2] 4, 72 ; 7, 399 ; 8, 5 ; 14, 326. ^ Schweigger's Journal. 19, li 
" Ibid. 15, 383, Note. ** Ann. Chim. [2] 14, 172; 19, 350; 34, 2 
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l-hus Mitscherlich arrived at the idea that it was the similarity 
of atomic constitution which gave rise to the identity of form. 
And he really succeeded in confirming this opinion by a series 
of facts. He called those substances isomorphous, which 
exhibit the same crystalline form in corresponding compounds, 
*nd which, since they can crystallise together, replace one 
''"other in indefinite proportions. He pointed out the isomor- 
phism of selenic acid and sulphuric acid ; that of magnesia, 
^'nc oxide, nickelous oxide, ferrous oxide, etc., in their neutral 
Sulphates, etc. ; that of alumina, ferric oxide, and manganic 
Oxide. He also showed that Beudant's observation, in ac- 
cordance with which iron vitriol and zinc vitriol (two salts of 
Qifferent crystalline form, and containing different proportions 
^' Water) crystallise together, depends upon the fact that the 
Pi'oportion of water in the one compound is changed, and 
^^omes the same as that in the other. 

Other observers confirmed Mitscherlich's view by means of 

"^a-My observations,"^ so that, at that time, much stress was laid 

P'^n the crystalline form of substances ; and chemists supposed 

^t they possessed, in this character, an excellent means of 

°^*^^ining information regarding their atomic constitution. It 

as Berzelius, in particular, who, instantly recognising the 

^***"ing of the great discovery, applied it to the extension of 

^system. Isomorphism led him to the following rule: — ""* 

III. When one substance is isomorphous with another in 

which the number of atoms is known, then the 

number of atoms in both is known, because 

isomorphism is a mechanical consequence of 

similarity of atomic construction. 

-^ Guided by these rules, Berzelius endeavours to determine 

^ number of atoms contained in a compound, and from this. 



Us 




he 



^an then deduce the atomic weights. He is quite conscious 



aa 



Literature in the article " Isomorphismus " in the Handworterbuch 



,, ^ ^-Theinie, eilited by Liebig, Poggenjorff, and Wijhler. In the article 
'tnorphie" in the .second ediiion of this Dictionary, Ar?.runi enters par- 
*-»ly into the more rece 
^ehrbuch. 3, part I, 91. 

G 



Is ^ ^'ly into the more recent developmenl of the doctrine of isomorphism. 
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that his rules, in many cases, cannot lead him to a decisive 
determination, and that it is really in the cases of gkseous 
elements only that they can give unequivocal results. But just 
because he knows upon what shaky grounds he is proceeding, 
he acts with the greatest caution ; and it is marvellous how 
often, guided by an acute judgment, he hits upon the correct 
number, where almost every criterion is wanting. 

In the case of the oxides, Berzelius constructs for himself 
a series which furnishes him with the relative quantities of 
oxygen with which certain weights of the metals combine. I" 
doing so, he does not require to construct a series of this kind 
for every metal. By calling Mitscherlich's law to his assistance, 
he is able to supply the places of any stages of oxidation that 
are wanting in the case of a given element, by those of ^'^ 
isomorphous element. The series is : — ^" 

Relative Proporti*" 
of Oxygen. 

Cuprous oxide i 

Cupric oxide, ferrous oxide, etc. - - - 2 
Ferric oxide, manganic oxide, minium - - 3 
Lead peroxide, manganese peroxide - - 4 
Manganic acid S 

I also give, below, a similar but more accurate tabulati<^"i 
from the year 1835.^ 

Cuprous oxide i 

Cupric oxide, ferrous oxide, etc. - - - 2 

Ferric oxide, manganic oxide, etc. - - 3 

Lead peroxide, manganese peroxide, etc. - 4 

Nitric acid, chloric acid, etc. - - - 5 

Perchloric acid, permanganic acid, etc. - 7 

In the compounds noted here, Berzelius assumes i, 2, 3) 4< 
5 (and 7) atoms of oxygen j thus making the simplest assumP" 
tion possible. It is then only a matter of determining, '" 
addition, the number of atoms of the radical or element that 
is united with the oxygen. His series does not furnish any 

*'' Lebrbuch. 3, part I, 97. »» Lehrbuch. Third Edition, 5, 89- 
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nation about this, and therefore he seeks for other 
altsations. He now rejects the apparently most natural 
iption of I atom of radical, which he had made in 1819, 
it leads him to atomic weights that are not in harmony 
Dulong and Petit's law. He finds a new starting-point 
Dt for silver, tellurium, and cobalt) by assuming the pre- 
in compounds of two atoms of the element concerned, 
hus he obtains the following series for the stages of oxida- 
if the most of the metals : — 

R2O, RO, RA, RO2, R^Oe (R2O,), 
or «0, RO, RO3, RO2, ROj (RO,), 

: he writes RO instead of R202, and RO2 instead of R2O4. 
erzelius advances several grounds which appear to tell in 
r of the accuracy of his choice. The most commonly 
ring oxides, such as cupric oxide, magnesia, lime, etc., 
e the simplest formula, RO; further, the oxygen corn- 
is of nitrogen and of chlorine, in which he knows, from 
flumes, the number of atoms, can be made to fit in with 
rrangement. On this account, he regards this series as 
lat occurs generally distributed, calls it the nitrogen series, 
ontrasts the sulphur series with it. 

erzelius finds the relative quantities of oxygen that combine 
sulphur to be i, 2, 2^, and 3. Hence, he writes the stages 
idation of this element : SO, SOj, SjO^ and SO,. He 
wours to arrange all the oxygen compounds, as far as 
3le, in the sulphur and nitrogen series, and assumes, for 
pie, SiO, as the formula for silicic acid, corresponding 
sulphuric acid, an assumption which afterwards gave 
ion for many discussions. 

he sulphur compounds (sulphides) are regarded as con- 
ed in a manner analogous to the oxygi-n i:oni|/ou(iii>. lit; 
5 sulphuretted hydrogen HS, because water i» WO 
1 calculating the atomic weigbts which he d< ' m 

considerations, Berzelius starts fy 
Tmit of comparison with 
Tients, and since it i« mcfdy a 
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magnitudes of the numbers, I shall give his values, calcukt 
with reference to oxygen as standard with atomic weight =i6 







Atomic Weiehl 


Atomic Weight 

(0 = 16) 
(German Com- 
miision. i8v8). 


Klcment and 


Symbol. 


(0=.6) 
(Berzelias)' 


Arsenic - 


- As 


75-33 


7S-0 


Calcium - 


- Ca 


41.03 


40.0 


Carbon 


- C 


12.25 


12.0 


Chlorine - 


- CI 


35-47 


35-45 


Iodine 


- 1 


123.20 


126.85 


Iron 


- Fe 


54-36 


^6.o 


Manganese 


- Mn 


57-02 


55.0 


Mercury - 


- Hg 


202.86 


200.3 


Nitrogen - 


- N 


14.18 


14.04 


Oxygen - 


- O 


16.00 


16.00 


Phosphorus 


- P 


31-43 


3>-o 


Silicon 


- Si 


44-47 


2S.4 


Silver 


- Ag 


216.61 


107-93 


Sodium - 


- Na 


46.62 


23-05 


Sulphur - 


- S 


32-24 


32.06 



Before I conclude the consideration of Berzelius' system 

shall add a few words with respect to the formulae of hyd 
chloric acid and of ammonia. The atoms of these substani 
are represented by HCl and NHj,* showing that Berzelius < 
not identify the conceptions of atom and equivalent in all cas 
although he employs the name*; indiscriminately. This mig 
of course, be regarded as no real exception, since, genen 
speaking, the double atoms H€4 and N-Hj are alone employ 
Naturally, it is difficult to give an exact account of the views 
one who is no longer alive ; but it is in every case necessary 
take the different periods into account. I believe then t 
Berzelius, at first, and till about 1830, tried to extend 
law of volumes as far as possible (even to compounds as co 
pared with one another), and that ihi.s was a reason for assu 



* Berielius, Jahresbericht 1828, 73 ; ihc- values are also to be fo 
there calculated for H = I. ** Lehrbuch. Third Edition, 3, 187 and 3 
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'"g the formulae HCl and NH, for hydrochloric acid and 
anitnonia ; but that afterwards, influenced especially by Dumas' 
"ivestigations/' he placed much less reliance upon this law, 
and applied it to the permaneiil (and elementary) gases alone.*- 
He Was then no longer prevented from believing in an agree- 
"Jent between equivalent and atom, even in these substances, 
and he employed only the formute HGi and NW,. 

It follows, from the foregoing, that Berzelius did not admit 
'"0 distinction between the physical and the cliemical atom, 
arid he thereby establishes an essential difference between ele- 
""ents and compounds. According to him, the atoms of the 
elementary gases occupy, in general, one half (or one quarter) 
'"^ space occupied by the atoms of the com[}aund gases. 
'* hilst similarity in behaviour with respect to changes of pres- 
sure and of temperature was a sufficient reason for assuming 



th 
of 



- Same number of atoms in equal volumes of hydrogen and 

'^Xygen, the same reason was insufficient to justify the same 

"^^nclusion with regard to chlorine and hydrochloric acid. 

here was an inconsequence in this, but it was of no material 

"TJportance, since the experiments bearing most closely upon 

^ rnatter appeared to negative any general applicability to it 

*** '^he law of gaseous volumes. 

The chemical edifice which Berzelius erected was a wonder- 
^' One, as it stood completed {for inorganic substances) at the 
^^d of the third decade of the century. Even if it cannot be 
'^'d that the fundamental ideas of the system proceed exclu- 
sively from himself, and if he is indebted to Lavoisier, Dalton, 
Davy, and Gay-Lussac for a great deal, still it was he who 
t^oulded these ideas and theories into a connected whole, 
adding also much that was original. His electro-chemical 
hypothesis no doubt had points of similarity with that of Davy, 
but, in spite of that, it was essentially different from it. Besides, 
the first method of atomic weight determination, of moderately 
general applicability, proceeded from Berzelius; and this method 



*■ Ann. Chim. [2] 49, 210; 50, 170. 
S,i2. 



*■ Lehrbuch. Third Edition, 



I02 HISTORY OF CHEMISTRY. [LECTURE VI. 

was SO extraordinarily serviceable that it rendered possible the 
fixing of these most important numbers, so that alteration was 
necessary in only a few cases. 

It will thus be understood how the system of Berzelius 
became the prevailing one, and why his judgment was authori- 
tative. The publication of his yearly reports {/ahreskrichte), 
which began to appear in 1821 and were employed not merely 
for reporting but also for criticising, contributed to increase his 
influence. Hence the ideas of others possess only a subordi- 
nate interest, but still I wish to state the views of some of his 
contemporaries, so that I may the better characterise the period 
under review. 

British chemists had not yet come to a decision with re- 
spect to Dalton's conception of the atom and Wollaston's of 
the equivalent. Very little of much importance had mean- 
while been accomplished in Great Britain. The only thing to 
which I wish to refer is the hypothesis of Prout, which was the 
occasion of much discussion. 

Prout, in 18 15, thought it was possible to show that the 
atomic weights of the gaseous elements are multiples, by whole 
numbers, of that of hydrogen.*^ Stated in this way, the matter 
seems to be of small importance ; but it gains interest from the 
fact that, if it is admitted to be generally applicable, it almost 
necessarily leads to the assumption of a primordial form O' 
matter, and to the view that the manifold peculiarities of sub- 
stances are explicable by the varying distribution of this matter 
in space. Thomson ** set himself the task of extending the 
statement of Prout to all the elements, and, for this purpose, 
he carried out a large number of atomic weight determinations- 
His results are worthless, however, as Berzelius somewhat bluntly 
points out to him.*^ 

At a later period, Prout's hypothesis was taken up again by 
Dumas,** after it had been shown that a more accurate deter- 

** Ann. Phil. 6, 321. " Thomson, An Attempt to establish the 
First Principles of Chemistry by Experiment, 2 vols. London (l825)' 
*^ Berzelius, Jahresbericht 1823, 40. '"' Ann. Chim. [3] 55, 129. 
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nination of the numbers told in its favour. In particular, the 
Ltomic weights of the best known elements, such as, oxygen, 
lydrogen, nitrogen, carbon, (chlorine?), bromine, iodine, etc., 
ippeared to be in harmony with it. Stas has proved, however, 
>y means of experiments in which the highest degree of accu- 
acy and completeness was attained,*" that even in the casu of 
hose elements which appeared in accord with it, the hypotheses 
loes not in any instance hold rigidly, and can only be looked 
ipon as an approximation. 

The highly important theory more recently established by 
Mewlands, Lothar Meyer, and, especially, Mendelejeff, dealing 
vith the periodic relation of the properties of the elements to 
;he magnitudes of their atomic weights, can only be entered 
apon in a subsequent lecture. 

In France, the law of volumes in its most extended sense 
aecame the basis of the atomic considerations. It was Dumas, 
especially, who took up a very decided position in this coniiec- 
:ion. He shows that the conception of the equivalent cannot 
be employed as the basis of a system, because it loses its signifi- 
cance when it is extended further than to acids, to bases, and to 
CDther substances which closely resemble each other (oxides and 
sulphides) ; and, especially, that it becomes quite vague when 
the attempt is made to identify the equivalent with the com- 
bining weight,^ since very many substances can combine in 
several proportions. Thus, for example, 8 parts of copper are 
combined with i part of oxygen in cuprous oxide, while for 
8 parts of copper, 2 parts of oxygen are contained in cupric 
oxide. Calculated from these numbers, the equivalent (com- 
bining weight) of copper, referred to that of oxygen as unity, is 
8 or 4. 

Dumas believes that, by adopting Avogadro's hypothesis as 
a basis, he has obtained a sure guide in considerations regard- 
ing atomic weights. He assumes that in equal volumes of all 



■" Recherches siir les loisdes proportions chimiques etc. , llruxcllcs rSfj? 
and Recherches sur les rapports rccipro<jues 'Ics poids aloii)i<iucs, iSoli. 
* Dumas, Traite de Chimie appliquee aux arts. Pari* (1828-46). 
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gases (at the same temperature and pressure) there is the san 
number of (physical) atoms, but that these are still divisible t:»>' 
chemical means. "We call atoms, the groups of chemic^*-* 
molecules that e.xisl isolated in the gases. The atoms of tlr"» ^ 
elementary gases always contain a certain number of molecul^^^ 
which is unknown to us." *'■' The ratio of the densities of tt~»^^ 
gases gives Dumas the ratio of their atomic weights. In fixif^* & 
the atomic weights of the solid elements he makes use of tt""» ^^ 
law of Dulong and Petit, which he regards, accordingly, as hol*^~ 
ing for groups of chemically smallest particles — molecules, s^ ^ 
we should now say. Further, he employs for the same pi* ^* 
pose, the relative densities of volatile compounds, makir^» & 
assumptions, from analogy, as to the volume relations of tl""^ ^ 
unknown elementary gases contained in them. Thus he finC^-^ 
the atomic weight of sulphur from the density of sulphuretted *-* 
hydrogen, which he assumes to be constituted like water ar»- *-* 
to consist of 2 volumes of hydrogen and i of sulphur vapou:^C ^ 
and that of phos|)horus from phosphuretted hydrogen, whic^ *^ 
he supposes to be constituted like ammonia. His determin -^^*'^ 
tion of the atomic weight of carbon is noteworthy. He deduc^^^^ 
it from the relative densities of ethylene and of marsh gas. 1^^ ^J 
assumes in the latter (as Gay-Lussac had also done previousl^^ -^ 
2 volumes of hydrogen for i of carbon vapour, and in th^ 
former, equal volumes of the two. He thus finds the atom:^*-^ 
weight of carbon to be one half of what Berzelius had estimate^ ^-^ 
it to be, that is 6, if that of hydrogen is assumed equal to ^•^ ' 
In general, however, the values which he assigns to the atom "» *^ 
weights of the better known elements are the same as those ^^^ 
Berzelius. Mercury, silicon, etc, form e.xceptions. Dum^^^-^H 
does not state the weights of the chemically smallest particle^ - " 

Berzelius contested the principles of the system just co »^'' 
sidered, although they were so closely related to his own ~ ' 
He thinks that it is absurd to assume fractions of atoms, air»*^ 
says it was formerly the custom to abandon hypotheses as so*:^'^ 



imas, Traile. I, 41. ''° Berzelius, Jahresbericht 1828,8a 
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^ tlitjy led to absurdity. Dumas stands (.-ntirely isolated in his 
views, but, in spite of this, he would probably have adhered to 
tnem, had he not himself discovered facts which caused him to 
doubt the accuracy of Avogadro's hypothesis. 

Dumas was not only an ingenious thinker, but he was also 
*n excellent e.xperimenter ; and, since he had chosen the den- 
sities of gases and vapours as the basis of his atomic theory, he 
inought it necessary to increase our knowledge respecting these 
lensitie-s. He succeeds in elaborating a method for carrying 
out determinations of this kind at high temperatures, and em- 
ploys it for ascertaining the relative densities of the vapours of 
•odine, phosphorus, sulphur, mercury, etc.-''' His results, from 
^"ich he anticipated confirmation of his views, lead him to 
^Oandon them. He find.s the density of phosphorus vapour to 
^ tVi'ice as great, and that of sulphur vapour to he three times 
^^ great as he had previou.sly assumed, whilst that of mercury 
^Pour is only one half of what he had supposed. In view of 
'^ese facts he begins to doubt ; in fact he declares that even 
^ simple gases do not contain, in the same volume, the .same 
^*^ber of chemical atoms. According to liiin, the assumiition 
^y still be made that there are the same number of molecular 
/^ «*-toraic groups present in equal volumes of all ga.ses ; but 
^^^t this is only a hypothesis, which cannot be of any service.'"'' 
^i">nas is obliged to admit that Gay-Lussac's law, when applied 
the manner he had done to the determination of atomic 
*Shts, furnishes erroneous results. Hence he believes that it 
*^»iot be employed for this purpose, and he now abandons 
'^gadro's hypothesis, 
lerzelius, too, can no longer maintain the identity of 
^ *Mme and atom in the cases of the elementary gases, and has 
*^onfine his proposition to the incondensable ela-stic fluid 
*>iust be admitted that the law, when so slated, was no* 



V 

to 
It 

J liable of any extended application, and w.is 
^VjfBcient for the determination of the atonii< 



thj 



^^ "* Ann. Chim. [2] 33, 337 ; 44, 288 ; 49, 210: 
^ and 270. ^ See p. 92. 
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majority of the element.s. And how did it fare with the other 
generali-sations upon which his system rested? The hypothesis 
of Dulong and Petit was not without exceptions in its appli- 
cability, as I have already stated. The numbers deduced 
from it for silver, cobalt, and tellurium were not in harmony 
with Berzelius' determinations, that is, with the atomic weights . 
required by the chemical analogies, and by isomorphism ; so 
that even this hypothesis was not tenable when rigidly con- 
sidered. Mitscherlich's law still remained, and the majority 
of chemists believed that it permitted of an unerring conclusion 
as to the atomic constitution. Other voices were heard, how- 
ever, which indicated doubts, especially after Mitscherlich had 
shown that there are dimorphous substances, i.e. substances 
which can occur in two crystalline forms.** Attention w^ 
drawn to the fact that, as the occurrence of diraorphisc 
proved, the crystalline form of a substance was not determined 
solely by the number of its atoms.''* 

Of all the physical laws that had been applied to the 
determination of atomic weights, there thus remained not one 
upon which full reliance was placed. The conception of tn^ 
atom was looked upon, in consequence, as uncertain ano 
hypothetical. Chemists believed they would have to t>^ 
contented with the combining weight or the equivalent, tn^ 
latter of which had gained new support from Faraday ^ 
electrolytic law.*" At the end of the fourth decade of th^ 
century, we thus find the atomic theory — ^the most brillia^ 
theoretical achievement of chemistry — abandoned and dtS' 
credited by the majority of chemists, as a generalisation "' 
too hypothetical a character. A new school had arisen, whicB 
had adopted WoUaston's equivalents, and whfch sough'' 
successfully, to supplant the system of Berzelius. 

At the head of this movement there stands L. Gmeli"' 
The views of this chemist are of all the more importance froC* 
the fact that he expounded them in his excellent Hand-booK > 

" Ann. Chim. [2] 24, 264. ■>■' Ibid. [2] 50, 171. " ExperimeOW' 
Researches in Electricity, Series 3, § 377, Series 7, § 783 et seq. iSjS-S*" 
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■h laiter. on account of its c m:, -r.r ■-.■:■: " ;' ' .. 

idv become widely distributciL 
'\ith Gmelin. there is no stri'.t •!:< J."...'- ■.i-.-: »•■.-• ■ 
compounds, and this [.rjV'o •.-.;.-. •■- j.>^: •..' 
■fal existence of atoms. I * ^ •_•.•<"...■ i -rr rr-;--.- 
possess only a weak aitlr.:':;.- -'.• -:ji..- .i--,-.- .. ■ 
rding to him, in an iniri.:-; :; .-j. .<-•• .' ■.•■ . . 
;reater the affinity, the rr-.-::-.-r •^ ■.-..r " •.'.■•i j-.-( 
2w proportions only." T.'.rs-: ^"•.•",-.''".i.':'- ::.••.-. 
1 other in simple r-lAti^r.s.. " ".'-.i-.- -. ...: 
;ned to every substa::':-; ■, .-rr-.t..- i-.-.i;-;' 
bines with definite »-ir''•^ .r '.••.•!•:- vir::i^:;. 
he stochiometric r.u2:*r.-r. t-i- .^c:!:!.!. •. _ . 
ture-weight or atone:': ■«f.u'-*.. i~'ii >..<;. . ■.. 
iposed in such pro7.or:;c>r:r :r;i:: .ri-. ::. .:_•■.-. 
stance is united to j. ;. t. r. j. :. ;7. . : 
e mixture-weight> cf the ytri'^r -i-.. .■:•.. 
-Lussac's law nans : — O.'it iiirr. ^^-.r .< 
stance combines with i. :;. ;. ;<. ;, ;_ 
he other. 

His table of equivaien•.^ >; wci. j.-. . • 
= 8, S=i6, C = 6. et'_. "'Vairr v.,. ■• 
nulae generally, the endrrri'. ju- v c. 
Plicity what they had i'js: i:. ..tj.-.- 
sniistf}- was to becoait l svi-rrr--. . ••. 
*ed almost to descripiiyr. u'l'j:!-; ; 
that was required : spevuiaiiv: vt. 
It had come to thi.- th-^n : '.'..-riL-::-. 
"with physics, had no: ijcer. aj.: ■::■ ^ 
'htatom. It is my buairi';? •.-, .-. . 
*■ It was reintroduced ini-, '.u-^ *-„-;-: - , ' ■•'■'i# 

tmistn-. 
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LECTURE VII. 



Organic Chkmistry at thk commencement of its development- 
Attempts TO DETERMINE THE Ei.EMENTARV CONSTITUENTS OF 

Organic Comtounds — Isomerism and Polymerism — Views 

RF.CARDINC. CONSTITUTION— RAUICAL THEORY. 

In this lecture I shall endeavour to give an account of the 
development of organic chemistry. I have intentionally post- 
l)ored this subject until now because I wished to consider il m 
a connected manner, because it had almost no influence dunig 
the first three decades of the present century upon the perfect- 
ing of general theories, and also because the views which 
constitute the basis of inorganic chemistry did not, at fifs'i 
seem to be capable of any application to the organic branch of 
the science. Thus we find Berzelius, in 1828, treating '"^ 
subject of the organic compounds separately. The electro- 
chemical theory, the law of multiple proportions, and the »* 
of volumes did not appear to dominate substances derived froro 
the animal and vegetable kingdoms ; these substances wers 
subject to the so-called vital force, the nature of which ws 
wholly unknown and obscure. It only became possible to 
extend to organic chemistry also, the laws which held fof 
inorganic substances, after the study of this part of the subject 
had further attracted thinkers to itself. The opinions a"" 
hypotheses to which the e.\amination of the better known 
substances had led, had now to be turned to account in the 
younger branch of the science. It was dualism, in pariiculafi 
which was now introduced into organic chemistry also. 

Lavoisier had already assumed, as has been stated previously, 
that the acids consist of oxygen and a basis ; and that, '" 

iganic compounds, the latter is an element, while in organic 



amsKissE- ~ a ^ camnaiini lanira . Ttif latrr- nnw.;- >»»»•. 
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nxjT. rL ani rst rfnancrp of ItfijfiiE? ■«&> i hainT^r ("vTfnsi^r f>: 
I A". ot M-.tJiiio pf -sffrmftr t: i>e ir. arrwswr.T wn^ •.: Thi?> 
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tudicak. ir. tiui=- anpioyini: lifc tsirr. Tanu-al. »t> OTisina", 
ienmnor. ■was raanaed. Atrrr tfae remova'. of Tho ovvsruT fnMi- 
i subsianc=. tbe residue ■wiiicii remained, and which. toot^.mt'I. 
iiayec the var. of an tHrmfn:. was called c TadicA;. WoWor 
mc Liebig remodeliec tins canceiJtiar.. Ir. thfir admiTaSV 
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tgardc cliemistry bad become independent : it had fnvil itwif 
Dm tbe fetters which had been placed upon i; ; ii', fri>ni 
iihtn its own limits, it had not produced a new idoa, n had at 
ast given new and increased importance to ono which was 
jeady bdd. From this time forward, it protwvls on its own 
aj-, and pays no heed to the limitations which soni«^ dcsin^l 
> place upon it The very harmonious cdifi<y o( ohcmistn- 
affere in consequence. Every endeavour is made to adapt it 
J tbe new ideas. But it is in vain— the broach is ttnaNi'itdaMe. 
'he young science, quite conscious of its own MriMigi*^ 
3 make an assault upon the foundations, and, in sp 
nd props, the structure begins to totter. Tht 
he electro-chemical theory led to an embittCM 
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between its supporters, with Berzelius at their head, and the 
adherents of the substitution theory or the theory of types. 
This controversy was triumphantly passed through by the lattefi 
and led to the complete separation of organic and inorganic 
chemistry. At any rate the endeavour was still made to retain 
in the latter, as before, the dependence of the chemical upon 
the electrical forces, whilst the newest facts in the domain of 
organic chemistry appeared to be incompatible with this. 0"'' 
science thus fell anew into two schools, and the principles which 
guided the one school were rejected by the other. 

Simultaneously with the abandonment of the elecfO" 
chemical hypothesis, the radical theory was also given up i 
there was now no longer any actual need for it, and, in the 
form in which it had been advanced, it was insufficient. ^ 
great deal had been discarded as useless, and therefore it is '^| 
no means inadvisable to inquire into the principles which st> 
remained with the representatives of the new school. 'T'* 
views as to the preservation of the type, and as to substituti*^ ' 
although, of course, most valuable for the comprehension 
many reactions, could scarcely be employed as the basis o* 
complete system. But amongst the ruins left upon the batt* 
field, and found there when it was cleared up, there wa.^ 
jewel, which, although little heeded during the controve*"^^' 
was now capable of becoming of great significance when '^^^ 
question was no longer one of getting rid of old views, but <3»*^ 
of setting up new views in their stead. The atomic theo""^' 
despised by many, forgotten by some, was now destined 
arise again in its original brilliancy, although a hard stru^^ 
was necessary. New foundations for the determ jnation of S ^ 
relative masses of the atoms had to be obtained. It -*^^ 
Gerhardt, in particular, who insisted on the necessi ty of ^] <-\F^° 
upon comparable quantities for these determinations. '^. 
wlience was the standard to be derived? Liebig's polyb^^' 
acids, and Dumas' substitution, had at length taught chennis** 
the difference between atom and equivalent, so that iti^^ 
could no longer be any (juestion with respect to the latt^*"' 
Recourse was again taken to .'Vvogadro's hypothesis; but th'* 
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proved insufficient, and chemical reasons were required in 
r to convince chemists. Gerhardt, who received ,very 
taniial support from Laurent, exerted himself in vain to 
ice decisive proofs of the accuracy of his ideas. At this 
-ure, Williamson's investigations appeared, and they gave 
al foundation to the thoughts that had flitted before 
lardt's mind. This gifted chemist had shown the way; 
in imitation of him, it was extensively followed, since' it 
fitted of a direct comparison of the quantities entering into 
ion. Thus there arose the conception of the chemical 
cule. In Gerhardt's system, which was now rapidly gain- 
ecognition, this conception found its formal expression in 
heory of types. 

shall here conclude this sketch, in which I have indicated, 
neral outline, the different phases of the historical develop- 
'■ ; and I shall now proceed to a detailed account. 



k-s early as the second half of the seventeenth century, 
2ry separated organic from inorganic chemistry. He 
ed substances, according to their origin, into three classes, 
iiineral, animal, and vegetable.* The phlogistians occupied 
Selves chiefly with the first class. Scheele deserves to be 
ioned as the discoverer of an extensive series of organic 
ances.^ Lavoisier believed that compounds belonging to 
■lass consisted of carbon, hydrogen, and oxygen ; BerthoUet 
id the presence of nitrogen in substances of animal 
1 ; * at a later date, it was recognised that all the elements 
snter into organic combinations, but that carbon must 
" be absent.* 

t is difficult to say what substances were regarded as 

»ic compounds at the beginning of the present century. 

class naturally included all substances occurring in the 



•vopp, Geschichtc. 4, 241. ^ See pp. lo-ii. '•' Journ. ile Phys. 28, 
'' Gniolin, Handlmch der Chcmic. Kourlh Edition, 4, 3 ; E. 7, 4. 



112 



HISTORY OF CHEMISTRY. 



[LECllIRE r X 



plant or animal organism, but from these there were prepar^<i 
a large number of other compounds, whose position in tl^^ 
system had also to be determined ; and a decision as to whic^h 
class .they were to be enumerated in was often an arbitrary 
matter. Simplicity of composition was frequently a reason fcT 
placing substances in the inorganic class. With regard t:«> 
many substances, the views as to their nature had changed i " 
course of time; for example, in the case of the cyanog^ri 
compounds, which were first classed as organic and afterwards 
as inorganic substances. Wherever it was possible, Lavoisier's 
idea was upheld that, in organic substances, the basis com- 
bined with oxygen, or the radical, consists of several elements. 
This gave rise, at a later date, to Liebig's definition of organic™ 
chemistry as the chemistry of the compound radicals. ™ 

The study of the compounds belonging to this class lagg^** 
considerably behind that of the others. The reason lay partly 
in the easy alterability of these substances, and, thus, in xir»^ 
greater difficulty which their isolation presented ; partly also »** 
the scarcity of methods for their analysis. At the beginnir^^ 
of this century, when qualitative analysis had already attain^*^ 
a high degree of accuracy, and even the quantitative metliO*^ 
had found excellent exponents in Proust, Klaprolh, ar»**^ 
Vauquelin, Lavoisier's experiments with alcohol, oil, and «a-^»H 
were the only ones in existence, designed to ascertain tt^^ 
comi>asition of organic compounds; and these, as mayeasi»> 
be understood, were not very accurate. 

It is thus explicable that Berzelius should still doubt, '^ 
1819, whether the law of multiple proportions held in organ»<^ 
chemistry also.'' He was well aware that when organic corTi' 
pounds unite with inorganic ones — organic acids with metall"^ 
oxides, for example — the same regularities are observed as 1" 
inorganic chemistry ; but he believed the proportions in which 
carbon, hydrogen, oxygen, and nitrogen unite, to be so varied 
that Dalton's law lost its significance, simply because i, 2, . • " 
atoms of one element could unite with i, 2, . . ra atoms of 



( 



Kssai etc., 96; compare also Lthrbuch. 3, part I, 151 



tECTURE VII.] 



HISTORY OF CHF.MISTRV. 



another. Nevertheless Berzeliu;; himself afterwards assisted 
""ore than anyone el.se in extending the laws of stochiometry 
to organic chemistry, inasmuch as he materially improved the 
method of elementary analysis employed at that lime, and 
thereby provided himself and others with the means of ascer- 
taining the composition of organic substances. 

It may not be out of place to give some account here of 
'"e history of elementary analysis, just because the views 
respecting organic compounds were essentially changed in 
consequence of its development. 

1 shall not again revert to Lavoisier's method, which I have 

already indicated in an earlier lecture." There are almost 

thirty years between his experiments and those of his nearest 

successors. I pass over the experiments of Saussure," Ber- 

thollet,** etc., as well as the first labours of Berzclius" upon 

^"is Subject. These furnished analytical jjrocesscs that were 

sufificienl, perhaps, in special cases, but cannot by any means 

•^ regarded as general methods. On the other hand, the 

"ivestigation of Clay-Lussac and Thenard, in 1811, deserves 

°^f attention.'" They burned the organic substance with 

P'^tassium chlorate, by forming small pellets of the mixture and 

allowing these to fall into a perpendicularly placed tube, the 

lower end of which was heated red hot. The tube was closed 

t>Ove by means of a stop-cock furnished with a recess designed 

'' the reception of the pellets. The gases from the combustion 

^^ to make their escape through a side tube into a eudiometer, 

J^*^ they were there measured. (iay-T^ussac and Thenard tlien 

^Orbed the carbonic anhydride formed, and determined the 

*^ygen left behind. They knew, further, the quantity of sub- 

?^ce burned and the quantity of potassium chlorate mixed 

'*« iL By the help of I^ivoisier's equation : — 

**tibstance -f Oxygen employed = Carbonic anhydride + Water 



oic 

If 



See pp. 28-29. ' Jourri. de Phys. 64, 316; Bibtiotheque britannique. 
??'. No. 4 ; 56, 344 ; Ann. Phil. 4, 34. " Mem. d'Arcucil. 3, 64 ; 
I^"^. de I'Acad. 1810, 121. » Gilb. .Vnn. 40 (1S12), 246. '" Rech. 
""«. 3, 265. 
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they were then able to calculate the quantity of water pro- 
duced by the combustion, and, therefore, the composition of 
the compound. 

Gay-Lussac and Thenard carried out the analysis of twenty 
substances in this way. Their results are moderately accurate, 
but the method still left much to be desired. The combustion 
was very violent ; it wa.s accompanied by explosion, and viS, 
therefore, fretjuently incomplete. 

The next great step in the development of elemtntary 
analysis was made by Berzelius in 1814.'* By carrying out the 
combustion with a mixture of potassium chlorate and sudiuro 
chloride, he secured the much more moderate progress of the 
analysis. His method, also, differs very essentially and advai\- 
tageously from the earlier one, in so far that he did not gradually 
introduce the substance intended for combustion into a red-h"^! 
tube, but instead, put the whole quantity of the substan^^ 
along with the oxidising material, into a tube which he gradu^"^*^ 
heated to redness in a horizontal position. Further, he Wie- 
the first to weigh the water directly, which he did after havi^^^ 
absorbed it by means of calcium chloride ; whereas he de*^ 
mined the carbonic anhydride either by volume or by weighit- 

This mode of carrying out the analysis already approxim^-' *^ 
closely to the present method ; it was still further improved ^J 
employing cupric oxide instead of potassium chlorate. "Tt^ 
was first used by Gay-Lussac for nitrogenous substances," t**^ 
a year afterwards it was employed by Dobereiner in the co*^' 
bustion of substances free from nitrogen. ^^ h 

Analyses were carried out by this process for more than te"^ 
years, until the method was modified by Liebig^* in 1830, ana 
brought into the form now employed. As a consequence *^ 
Liebig's investigations, elementary analysis became an eas'V 



" Ann. Phil. 4, 330 and 401. " Ann. Chim. 95, 154 ; Ann. Thi'- 
7i 357- " Schweigger's Journal. 17, 369 ; compare also Chevrcul, ^'' 
searches cliimiques sur Ics corps gras d'origine animale (1823). " FmSBj 
Ann. 21, I ; more fully in his " .\nlcilung zur Analyse organischer Korp*''' 
Braunschweig (1837); English Translation, by Gregor)- : " Instrucliuns 
for the Chemical Analysis of Organic Bodies," Glasgow ( 1839). 
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lished operation, which, in so far as accuracy was con- 
might be placed alongside of other analyses. A rapid 
ment of organic chemistry dates from this period, 
simple and sure means of determining the composition 
substances was now available, investigations which 
: previously been attempted on account of the endless 
.es associated with them, now became possible and 
:ually carried out. 

ioubt many analyses had already been carried out by 
hod of Berzelius, and the conviction became more and 
ttled that the law of multiple proportions was applicable 
lie compounds also, and that formula; similar to those 
1 to mineral substances could be assigned to them. 

important distinction was still drawn, in the third 
of this century, between these two classes of substances, 
upposed that the latter alone were producible artificially; 
e synthesis of the former was wholly beyond our power 
('reserved for the living organism, in which it was per- 
under the influence of the Vital Force. From such 
y occurring substances chemists had, it is true, learned 
Ire, by dry distillation, by treatment with nitric acid, 
alies, etc., other substances which were likewise classed 
t organic compounds, but these were, for the most part, 

in composition, and the material existing in nature 
remained the starting point. In this connection, an 
t investigation for that period, by Chevreul, deserves 
entioned,''' in which the author showed that the fats 
pf an acid and of glycerine (a substance discovered by 
I, and that they should, accordingly, be placed in the 
* ethers, where all those substances were classed which 
ic separated by means of alkalies into an acid and an 
Tit substance (an alcohol). 

; and similar investigations could not, however, shake 
ef in a vital force under whose influence all organic 
nds originated. As yet no one had succeeded in arti- 
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ficially preparing any substance occurring in the organism; 
but even this great step had not to be waited for much longer, 
For this discovery we are indebted to Wohler, and with it he 
opt-ned his long and brilliant scientific career. 

Wohler had discovered cyanic acid in 1822,'* and was 
occupied in its investigation when he made the observation, in 
1828, that urea, a known product of animal life, was formed 
upon the evaporation of a solution of its ammonium salt.'' 
It is true that the problem was not completely solved by this 
discovery. The synthesis from the elements was not yet 
possible, but still the most essential thing had been accom- 
plished. From inorganic compounds (amongst which many at 
that time classed cyanic acid)''* a substance had been prepared 
which had hitherto been found in the animal organism only- 
In spite of this, the revolution of ideas proceeded but slowly; 
it was still believed that the vital force could not be dispensed 
with, and some decades afterwards, scientific discussions took 
place as to its existence. Nowadays, when the materialistic 
tendency becomes more and more ascendent, there are few to 
be found who ascribe the production of organic substances 
to forces different from those that govern the production of 
mineral substances. It is true that the e.xperimental science 
has made great progress in this respect also, since it has 
succeeded in [)reparing from their elements many organic sub- 
stances. 'Ihus Kolbe effected the complete synthesis of tn- 
chloracetic acid,'-' and Berthelot the syntheses of formic acid 
and of alcohol. The latter chemist inaugurated, with th«e 
researches, his brilliant series of synihetical investigations.* 

It mav appear remarkable to many persons, into whose 
hands a treati.se on organic compounds published in the third 
decade of this century, or earlier, may chance to fall, 'ha' 
even at that time, when this department of chemistry was m 

" Gilb. Ann. 71, 95. '" Pogu- Ann. la, 253 ; Quart. Journ. Scien<» 
1828,1,491. '* Compare, for examplt;, Dunms, Trait6. 1,409. "AnwJ'^')' 
54, 145. ■•" Uertlielol, Chiniie organique fondee sur la Synthcse, ''^ 
(i860); see also his more recent investigations, Bull. Soc. Chini. [2]7i ''■^' 
/34, atj, 274, J03, 310, etc. 
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Backward a state of development, experiments were made 
order to obtain some information as to the constitution, or 
ide of arrangement of the atoms, of compounds. A pursuit 
this kind may be regarded as idle speculation, and yet scien- 
c chemistry was directed, at an early period, towards such 
isiderations. This was owing to the phenomena of isomerism, 
o which, therefore, I must here enter with some detail. 

After chemists had begun to pay attention to the quanti- 
ive composition of substances, and especially after they had 
rned to regard constant proportions by weight of their con- 
:uents as a real characteristic of chemical compounds, it was 
umed as a matter of course that the same composition per 
It. always postulated the same properties. It was, of course, 
own that very many, and indeed most, substances occurred 
several states: solid, liquid, and gaseous; crystalline and 
lorphous; etc., but the sensation that the discovery of dimor- 
ism made, shows us how great the tendency was at that 
le to regard physical and chemical properties as functions of 
; composition per cent, (and of the temperature). It must 
turally have created much surprise to see that sulphur can 
pear in two crystalline forms ; to hear that arragonite is 
re calcium carbonate, and is therefore dimorphous with 
Ic-spar ; etc.'' 

It was to be shown, however, in the same year as that in 
Uch the dimorphism of sulphur was recognised (1823) that 
(d the chemical properties can change without alteration of 
tnposition. In the analysis of fulminic acid, Liebig obtained 
mbers which agreed exactly with tho.se established for cyanic 
id.^2 This was at first believed to be an error, but subse- 
ent examination confirmed the observation, and the great 
Terence between the two substances seemed wholly inex- 
cable. Two years later, Faraday discovered another fact of 
e same kind.^ He was engaged in the e.xamination of oil 



Ann. Chim. [2] 24, 264. ^ Ibid, [z] 24, 294 ; 25, 2S8 ; 

►eiggcr's Journal. 48, 376. -' Phil. Trans. 1825, 440 ; Ann. Phil. 37, 
) 95 ; Schweigger's Journal. 47, 340 and 441. 
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gas, when he discovered a hydrocarbon that behaved very like 
ethylene ; but it yielded no chloride of carbon when mixed 
with chloririL- and exposed to sunlight, and it possessed, more- 
over, a den^^ity double that of ethylene.-' Further, an investi- 
gation of phosphoric acid was made at this period by Clark, 
who, through neglecting the fact that the salts contained TOter, 
was led to the opinion that there were two phosphoric acids, 
with different properties but with the same composition.'' 
Berzelius had previously observed the same thing with respect 
to stannic acid.* He also showed in 1830 that the acid pro- 
duced along with tartaric acid during the manufacture of the 
latter, had the same composition as tartaric acid. He calls 
the new substance racemic acid {Drufsyra. Traiibensdurt.), ano 
introduces the word isomer to designate substances of this 
kind. According to him, this word is only to be applied to 
compounds possessing the same composition and the same 
atomic weight, but with dissimilar properties,^" A year later, 
Berzelius designates as polymerism the phenomena observed 
by Faraday respecting the hydrocarbons. This name embrace* 
those cases where the same composition is accompanied by 
dissimilar properties and different atomic weights."* Metanienc 
substances, on the other hand, are those which possess the 
same composition, the same atomic weight, and dissinii'i"' 
properties, when the difference can be explained by a different 
arrangement of the atoms — i.e. by a different constitution-' 
As an example, Berzelius very appropriately chooses stannous 
sulphate and stannic sulphite, which he writes: SnO -f SOj 3"° 
SnC).,-l-SO,. 

At that time, the different modifications of an element «'ere 
also regarded as cases of isomerism ; and it was only in i'^'*' 



■■" I iiienlimi here, in piissiny, that Faraday nil the occasion of '" 
investigation alsdiliscovered lienzene. ® Edinliurgh Journal of .Science. /' 
298; Schweigger's Journal. 57, 421. -« ll)id. 6, 284. ^ Pogg. Ann- ^S" 
305. ^ It appears from this that Berzelius at that time regartlcu 
vapour densities nf compounds also as a guide to their atomic wcg" 
*• Berzelius, Jahresberichl, 1S33, 63. 
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frzelius introduced the word allotropy to designate such 
A number of examples belonging to this class were 
known : one of the most interesting being carbon, in 
ms of diamond, graphite, and soot, 
^■iil be understood that the idea of metamerism could 
E introduced after it had become possible to entertain 
inception of the constitution of a substance ; while, on 
^cr hand, the phenomena of isomerism necessarily led 

Eto hypotheses respecting the mode of arrangement of 
s. It is well known that there was in existence at that 
ode of regarding the facts which Berzelius endeavoured 
nd more and more. I refer to dualism, which I have 
had occasion to mention several times, and the conse- 
s of which I shall now state more definitely. 
le phenomena of combustion had led Lavoisier to assume, 
far as it was possible to do so, that substances consisted 
parts. This way of regarding them was very advan- 
and clear in the case of salts, which were looked upon 
, posed of base and acid. This view was in agreement 
fheir whole behaviour, and rendered it possible to con- 
em all from one common standpoint. The arguments 
Lussac and Thenard against the elementary nature of 
le, which have been stated in a previous lecture,^' prove 
eply these ideas had become rooted, and how firmly it 
custom to base conclusions upon them. 

the existence of the so-called hydrogen acids {i.e. 
s which do not contain oxygen) had been generally 
ted, various opinions arose respecting the nature of their 
A few investigators (Davy and Dulong, for example) 
Ed them as compounds of metals, just as they regarded 
Baits;"* but this view met with little approval at that 
Others remained true to the earlier conception, and 
Jem common salt was still muriate of soda, which had 
;uliarity, however, that it gave off its "water." Others, 



nzelius, Jahresberichl, 1841, Part 11. 13. " Seep. 81. 
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again, no longer looked upon these substances as salts, "^^ 
compared them with the oxides. In this connection, the double 
chlorides and iodides prepared in 1826 by Boullay, caused tn^ 
latter to develop his ideas more fully.*'' In accordance >*''^'' 
these ideas, the chlorides, iodides, etc., of the alkali metal* 
were bases, from which true .salts were only produced by coTt*-' 
bination with the chlorides and iodides of the heavy metal* ) 
and the latter, in turn, were analogous with the acids. Otbe*^ 
still, and amongst them IJerzelius,^' whose opinion at that tir*'* 
carried the greatest weight, regarded common salt and simile' 
substances as compounds possessing a salt-like character ; t»«-*' 
they separated them from ordinary salts. According to the*"*^' 
the whole group of salts consisted of two divisions — the ampH'*' 
salts, to which the oxygen, sulphur, etc., salts belonged, and tt^^ 
haloid salts, which embraced the chlorides, iodides, etc. I"!^'^ 
latter were com po.sed of two elements or radicals — ofame*^^ 
and a halogen, as chlorine, iodine, cyanogen, etc., at this ti«*^' 
came to be called. It remained, however, altogether »-**^ 
explained why substances with such similar properties as th*^^*^ 
of the amphid salts and the haloid salts, possessed such differ^ "^ 
constitutions. 

If it was desired to regard the oxygen salts as compou«"> *-^^ 
of an acid with a base, then the establishment of these \<3i^^ 
was further attained as follows. Taking nitre as an exam f**' 
KO would represent the base, and NjO,'"' the acid(orw'l^ . 
we now call the anhydride). It thus came about that ac*^*-^*" 
acid was represented by C^HjO,, formic acid by C,HaO„ ^*^ 
phuric acid by SO,, etc.; that is, instead of the actually e?c«s'' 
ing substances, others were represented, of which some v%''^'* 
imaginary. The free acids were held to contain "a proport**^" 
of water which we cannot separate except by combining t^"-' 
acid with another substance";^" and although Berzelius h «'"''■ 
self had ])reviously distinguished water of hydration from vo-ter 
contained in salts and not necessary for their existence,*^ ve' 

^ Ann. Chini. [2] 34, 337 ; Journ. ile Pharm. 12, 63S. 
Lehrbuch. Third Edition, 4, 6. ^ Berzelius' atomic weigh 
•** Berzelius, Lehrbuch. Third Editiun, 3, 4. '" Journ. de I h; 
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water also was neglected, as if non-existent, in most of the 
discussions as to the constitution of bnses and acids. It may 
have been a consequence of this that the presence of water was 
assumed even in substances which belonged to other clas.ses, 
when hydrogen and oxygen were found in them in llie propor- 
tions necessary to form water, and that this water was then 
neglected in writing formute for these substances. Many thinjip 
rnight be adduced as having contributed to erroneous ideas of 
this kind; such, for cxamjile, as the way in which (layl.ussac 
and 'riienard in 1811 interpreted their analytical results relat- 
ing to organic substances/"* According to these chemists, 
substances fall naturally into (i) those which contain just as 
Tiuch oxygen as is required in order to form water with the 
hydrogen present (carbohydrates) ; (2) those which c<jnlain less 
^ksins, oils) ; and (3) those which contain more (acids). 
^" 1 regarded these perhaps seemingly detailed exi)lanationN iw 
necessar)', before I could enter more minutely into the viewd 
respecting the constitution of organic compounds. In pii<t)tin)( 
^'^ now to this most important question, I wish to xliow how 
"Uali.sin was gradually introduced here also, and how the radical 
'heory arose as a consequence of this. 

Berzelius explained in 1819 that his electro chcmirjl theory 
^ould not be extended to organic chemistry, because tjndcr the 
J|"Uence of the vital force the elements there |)0*)tc«wd cnllrely 

'"erent electro-chemical properties. In dc^jy, |>ufr«:<ii/:t(oii, 
^•■rneniation, etc., he observes phenomena which h<? re{(iiriU n« 

^"lonstrating the tendency of the cIcroeDts to return to thvlf 
"'^•■'nal condition.* He did not, at that time, M yet umtiiUtt 
Possible to r^ard all organic sutjstanccs a* h 

''^lism was, indeed, extended as far a* pomibl< 

. ♦ *• ct%idt% tA compomi'i 
-ocv b«» are wh</)*" "^ -'— - 
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acid, C4H,, of benzoic acid, CmH,,,, etc., spoken of, and these 
radicals are the remainders of the acids after the deduction of 
their oxygen. 

It is easily understood that endeavours should be made 
from other points of view, and in other directions, to establish 
hypotheses regarding the nature of organic substances ; but 1 
may pass over those which possessed no general significance 
and were applicable to a few substances only. I must, however, 
adduce one example of this kind, because the idea involved *^ 
for a long time held in resjject in chemistry. It has to do w'*^" 
a conception of oxalic acid, which was then written QOs, t**^ 
elements of water being neglected. Dobereiner, who carefuW 
studied the behaviour of the oxalates in 181 6, proved that soi*** 
of them give off carbonic anhydride and carbonic oxide vfb«J 
heated, and on this account he thought himself justified ^^^ 
regarding the " acid of sorrel " as carbonate of carbonic oxide ' 
This was an attempt to refer back complex substances 
simpler ones, and it possesses a certain significance, in so 
that it is based upon facts. , 

More important by far is an observation of Gay-Luss^*- 

concerning the composition of alcohol and of ether, which <J^*i 

from about the same time,*^ and which became the basis of *- 

so-called Etherin Theory. The discoverer of the law of gase<^ 

volumes points out that the densities of the vapours of alcot* *^ ' 

ether, and water, and the density of olefiant gas, stand to e^"- 

other in such a relation that ether may be regarded as c<^ , 

posed of half a volume of water vapour and one volume , 

olefiant gas, and alcohol as composed of equal volume^ 

the two. 

^is 
Dumas and Boullay adopted this observation as the \y^- 

of the views regarding the ethereal compounds, which t-'^ 

advanced in 1828 on the occasion of a detailed investiga.t* 

of these substances.^^ In their view olefiant gas is a radi*^^ ' 

that is, a group of atoms which enters into combinations 

■" Schweigger's Journal. 16, 105. ■•* Ann. Chim. 91, i6o ; 95, 3 ' ' 
" Ibid. [2] 37, 15. " 
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: same way that the elements do. They compare it with 
monia, and are at pains to show that, just as the latter is the 
lical of the ammonium salts, olefiant gas must be assumed in 
■ ethers. In doing so, they try to carrj' the analogy so far 
t they even assert that ethylene possesses basic properties, 
I that the reason why it does not colour litmus tincture blue 
lerely because it is insoluble in water ; and that its alkaline 
Jre is proved, moreover, by its property of neutralising 
rochloric acid, whereby hydrochloric ether, observed so 
J ago by Basil Valentine, is produced. They then show, by 
tns of a table, how the radical QH4 or 2CjHj (olefiant gas) 
' be assumed in the formulae of the ethers analysed by 
n ; whereby complete uniformity with the ammonium salts 
ttained : — *^ 



'ant Gas - - - 2C2H2 


NHj - - - Ammonia 


rochloric Ether - 2CaH„ + Hd 


NH3 + HCI - Sal-ammoniac 


;r- - - - 4C2H2 + H„0 




'hoi - - - 4C2H2 + 2H.,0 




ic Ether 4QH„ + CsHjOj -hH»0 


2NH3-1-C8H8OS+H2O 




Acetate of Ammonia 


• ic Ether - 4CJH2 + C4O3 + H2O 


2NH3 + Ci03 + HaO 




Oxalate of Ammonia, etc"* 



^e find the opinion that the ethers are to be regarded 
Analogous to salts, first advanced by Dumas and BouUay, 
ough it is true that they did not adopt the usual view, in 
c>rdance with which salts do not contain any water. The 
•eavour to classify the organic compounds in the same way 
be inorganic ones, constituted the basis of their views, how- 
»■ ; and, since this idea was found to be applicable to a whole 
's of substances, it was thus of great importance. The point 
view was distinctly dualistic, but not quite in the former 
se. Accordingly we find that Berzelius at first maintains a 
y cautious attitude towards it;'"' he finds in it at l^est a 

'^ Here, as in all other cases, I quote the formulae of the authun, ao^ 
^e I employ in this case Dumas' atomic weight* which are refi 
:i : =16. C = 6f etc . ■" The table given in the paper qooU 
ains obvious misprints; compare Dumas, Trait^. Organic Tatt 
erzelius. Jahresbericht, 1829, 286. 
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symbolic mode of expression, which cannot be regarded as 
representing the actual composition of the substances. Only 
some years afterwards does he revert, for a short lime, to 
Dumas' ideas, and he then calls the radical CiHg Etherin.'" 

This appears to me to be the place to state the results of 
an investigation of Gay-Lussac's into the cyanogen compounds, 
which had been carried out as early as 1815, and contributtd 
materially to giving a more definite meaning to the conception 
of a radical.'*'* Gay-Lussac repeated BerthoUct's experiments 
on the composition of hydrocyanic acid and confirmed thero, 
inasmuch as he established beyond all doubt that the ncid is 
free from oxygen, and contains carbon, nitrogen, and hydrogen 
only. The examination of the salts led him to study the 
behaviour of mercuric cyanide at high temperatures, and thus 
to discover cyanogen. What is of importance for us in Gay- 
Lussac's work, is the way in which he regards the substances 
he describes. These are, in his view, compounds of a radical 
containing carbon and nitrogen (cyanogen) and identical wit" 
the gas obtained from mercuric cyanide. The possibility 0' 
preparing radicals was in this way demonstrated, and, in con- 
sequence, the conception attained a more real significance- 
It is further to be remarked that Gay-Lussac, in calling l"* 
radical of hydrocyanic acid, cyanogen, permitted himself * 
certain freedom, since it was not actually "the residue of ^^ 
acid which has been deprived of its oxygen." Obviously t"^^ 
great French scientist compares hydrocyanic acid with hydr*-*" 
chloric acid, and with hydriodic acid which he had hinisC 
discovered a short time previously. They are hydrogen co^' 
pounds of elements or radicals, exactly as the ordinary ad*^ 
are oxygen compounds. If it was now desired to defin*^ 
radical, and to include cyanogen in the definition, it was 
longer possible to say, with T-avoisier, that "it is the resi<i^ 
of a substance which has been deprived of its oxygen " ; ^*^ 
it was the other half of the definition that was to be acc^"' 
tuated ; "a radical is a composite group which behaves like ^^ 

*' Annalen. 3, 282. ■" .Ann. Chim. 95, 136. 
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hL" *^ As a consequence of Oay-Lussac's investigation, 
' the isolation of cyanogen, this latter view had acquired 
idcreased significance. Reflections of a similar kind do not 
ear to have occurred further to the chemists of that period, 
■rally speaking, radicals were only looked for in oxygen 
^unds, and especially in acids ; whereas Dumas' and 
lUay's assumption of Etherin proves, on the other hand, 
: attention was not confined exclusively to these. 
Wohler and Liebig's investigation of bitter almond oil and 
ierivatives, in 1832,^ had a pronounced effect on the views 
cting radicals. It led these two chemists tO the assump- 
pf a radical containing oxygen, and thus added an entirely 
Hgnificance to these ideas. 

I'ohler and Liebig first show that the conversion of bitter 
ond oil into benzoic acid consists in the taking up of oxygen, 
;e they establish the formula; CjjHi.jO,, and C,,H„04 respec- 
J}' for the two substances.''' In doing so, they assume, 
■ver, an atom of water, H;0, in the latter: but they 
^t this and write the furniuia of benzoic acid CnH„0:,. 
this way they come to look upon both substances as com- 
Hs of the radical Benzoyl, CuHj„0„ and to regard bitter 
raid oil as benzoyl hydride, and benzoic acid as an oxygen 
lipound of the new radical. They show, in the course of 
Linvestigation, how the same radical may likewise be 
■Bed in an extensive series of substances. By treatment 
■tier almond oil with chlorine and bromine, they prepare 
•Wyl chloride and bromide, CuH,„Oa.Clj and C,iH,i,O..Br.j. 
to these, by means of potassium iodide and of potassium 
Je, they obtain the iodine and the cyanogen compounds 
^e radical, CuHioOflj and CuHioOj.Cy.j. Finally, with 
ania and with alcohol, they obtain benzamid and benzoic 

This investigation is regarded even now as one of the 
St achievements m the range of organic chemistry. The 



avoisier, Oeuvrcs. X, 138. 
! weights. 
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impression which it produced at the time can be well under- 
stood. It was the first instance where, starting from nnc 
compound, an extensive series of well-defined substances had 
been obtained, the relations of which could easily be explained 
if the suggested mode of regarding them was adopted. W« 
thus find Berzelius, then at the zenith of his fame and only 
seldom in accord with the views of others, bestowing abundant 
praise upon the investigation.'''- He hopes that, as a conse- 
quence of it, a new day will dawn in chemistry, and he proposes 
to Liebig and Wohler to call the new^ radical Proin or Orthnn 
(break of day) because he believes that a clearer iigm w'" 
be cast upon our science by the assumption of ternary 
radicals. 

And Berzelius was right ! For even although the chief 
importance of the investigation does not rest with the radical 
composed of three elements, still the .special part which had 
been universally attributed to oxygen since Lavoisier's tiine, 
even in this branch of chemistry, was taken away fromjt 
Further, that the true signification of the word radical was to 
be sought for elsewhere, was demonstrated by the fact that, i" 
the choice of a radical, the composition was left entirely on' 
of consideration ; and the justification of this proceeding was. 
found in the experimental results. Benzoyl was a radical be- 
cause, like an element, it combined with other elementSj and 
because it could be transferred, without decomposition, from 
the compounds so formed, into others. It was the key to tht 
interesting reactions of Liebig and Wohler, and it formed tnc 
foundation of the lienzoic acid series just as cyanogen was the 
basis of a large number of substances. 

Cyanogen and benzoyl are the pillars of the radical iheoryi 
which received confirmation by the discovery of cacodyl. ' 
cannot enter into the details of this extremely difficult a"'' 
brilliantly executed investigation of Bunsen's, but it is my duty 
to state the general results of his work. 

In 1760, Cadet had obtained a fuming liquid, possessing* 

'" Annalen. 3, 282, 
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lauseating smell, by distilling potassium acetate with arsenious 
inhydride.*^ This liquid took fire spontaneously in air, and 
t was known to contain arsenic and to be poisonous. These 
properties appear to have deterred chemists from the study of 
t, for, with the exception of a few unimportant experiments by 
rhenard, they had not occupied themselves with it at all for 
leventy years, and had been content to mention it in text-books 
IS Cadet's liquid. Dumas had then endeavoured, by distilla- 
ion, to separate a pure compound from the crude product, 
vhich was contaminated, amongst other things, with elementary 
irsenic. According to his analyses, it is represented by the 
brmula CsHjjAsi [C = 6, As = 7s].** Bunsen's first results 
ippeared to confirm this,^ while later experiments eventually 
ixed it as C4Hi,As20 [C = 1 2].^ Bunsen called the substance 
:acodyl oxide, and assumed the existence in it of the radical 
i;,H,jAs2- He succeeded in preparing the chloride, bromide, 
odide, cyanide, and fluoride by treatment with the corre- 
iponding acids ; the action of barium hydrosulphide produced 
he sujphide ; by oxidation Bunsen obtained cacodylic acid, 
^jHiaAsj-Oj+HjO; finally, he found it possible to isolate the 
adical cacodyl by decomposingjhe chloride by means of zinc, 
ind, naturally, this assisted very materially in procuring recog- 
iition for his mode of regarding the matter. We can understand 
low keenly interest must have been aroused on hearing of the 
solation of an organic radical containing a metal, and possessed, 
resides, of the extremely remarkable property of spontaneous 
nflammability. 

I have intentionally introduced here the account of this 
mportant research of Bunsen's (the completion of which falls 
It a later date) in order to be able to make clear the idea of a 
■adical as it now gradually came to be conceived. This idea 
s essentially different from what was formerly undcrstwjd by 
:he term, and the new conception was brought to the front by 



" Mem. de Math, et de Phys. des iiavantii iftrarigem. 3, 633. 
** Dumas, Traite. Organic Part, I, 135 ; compare Annalcti. 27, 14.* 
*•' Annalen. 24, 271. » Ibid. 31, 175 ; 37. « ; 4». '4 ; 46. I- 
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means of a suries of investigations, of which I have shortly 
stated the most tniiiortant. In doing this, I was at pains to 
explain the develo[)meiit of the ideas, and I only desire now to 
be permitted to define the meaning of the term as it eventually 
became fixed in the minds of the chemists of the period. 

I begin with the celebrated definition of Liebig:'*' "We 
call cyanogen a radical," he says, in 1S37, in his criticism of 
Laurent's theory, "(i) because it is a non-varying constituent in 
a series of compounds, (2) because in these latter it can be 
replaced by other simple substances, and (3) because in its 
compounds with a simple substance, the latter can be turned 
out and replaced by e(iuivalents of other simple substances." 

These three requirements, of which, according to Liebig, at 
least two must be fulfilled in order that an atomic group way 
have any claim to the designation of radical, prove that only a 
study of the nature of a compound could lead to a knowledge 
of the radical contained in it. The behaviour of a substance 
towards elements and compound bodies required to be kno*", 
in order that its radical might be ascertained ; and from ihis 
it may be gathered what .significance such a determination 
possessed. The choice involved, to a certain extent, a resume 
of the whole investigation, since the decomposition products 
were known when the radical was known ; the latter vfas, 01 
course, composite itself, but with its decomposition, those 
affinity relations ceased which connected with one another, 
substances containing the same radical. That the radica' 
behaved like an element, had been confirmed over and over 
again. Not only did it enter into combinations with elements. 
but it could also be isolated from these comljinations. Ho* 
far this comparison was carried, is shown by a quotatio" 
taken from a joint paper by Dumas and Liebig:'^* "Organic 
chemistry possesses its own particular elements, which soBifi" 
times play the part taken by chlorine and oxygen in inorganic 
chemistry ; sometimes, on the other hand, the part of the metals- 
Cyanogen, amide, benzoyl, the radicals of ammonia, of fat'y 



"' Annalen. 25, 3. 



"^ Comptes Rcndus. 5, 567. 



TORE VII.] HISTORY OF CHEMISTRY. 1 29 

lies, of alcohols and analogous bodies, these are the real 
nents with which organic chemistry operates, and not the 
mate elements carbon, hydrogen, oxygen, and nitrogen, which 
y appear when every trace of organic origin has disappeared." 
will thus be understood that the atoms which constituted 
n a group were supposed to be held together by stronger 
:es than those which united the group to other atoms. The 
ical in this way attained a very real significance in the minds 
the chemists of that period ; it actually existed in the com- 
ind, and hence, in any particular substance, only a s ingle 
ical could be asaumed since there was only one present. 
i thus, with the constantly increasing importance which the" 
ical of a substance attained in respect to views concerning 
constitution, divergences necessarily arose in the choice of a 
ical, according to the decomposition products which were 
ted upon as the most important. The discussions thus 
ed forth were very helpful in the further development of 
science. Everyone tried to support his own view by 
ience, and this could only be found in the reactions of the 
stance. We are indebted to these discussions, therefore, 
a very intimate knowledge of certain classes of substances. 
The foregoing explanations will not, I hope, prove super- 
us. Their purport is to render clear the importance of 
radical theory, the further development of which will be 
ussed in the next lecture. 



LECTURE VIII. 

Further Development of the Radical Theory — Views con- 
cerning Alcohol and its Derivatives— Phenomena of Sub- 
stitution — Dumas' Rule — The Nucleus Theoky — Thb 
Equivalent of Nitrogen. 

In the preceding lecture I endeavoured to explain the sig- 
nificance of the radical, and I shall now deal more fully with 
its nature. Enough has been said already by way of prepaO" 
tion for the controversies which were called forth by the choice 
of a definite atomic group as the radical of a compound; an" 
I now consider it my business to pass in review the most 
important of the discussions. It was especially with respect to 
the constitution of alcohol, and of the substances derived fro"! 
it, that differences of opinion arose. Since it cannot be denied 
that the opinions regarding these compounds exercised an na- 
portant influence upon general views, and, further, since the 
most prominent chemists took part in the discussions, I shall 
endeavour to show, with respect to this group of substanceS) 
how various and how contradictory were the conceptions as to 
the arrangement of the atoms. 

I dealt, in the preceding lecture, with the so-called ethetrn 
theory, which originated in the comparison of the ethers wit" 
the salts of ammonia. In that comparison the radical NH,«as 
assumed to be present in these salts ; and even although the 
dualistic tendency of the whole mode of regarding them cannot 
be disputed, still the view is not in harmony with the other 
opinions respecting salts. Even then there was another 
as to the compounds of ammonia, in accordance with, 
they did not occupy any exceptional po^ 
at from a purely dualistic point of vie' 

The radical ammonium, ^hicb 
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that IS to say, it seemed to contain an atom of water 
more than the newly discovered compound. Berzelius now 
draws attention to the fact that the latter compound cannot be 
converted into the barium salt of sulphovinic acid by boiling 
it with water, and that therefore the view underlying these 
forniulje (in accordance with which the substances contaJD 
ready formed water) is erroneous. According to him, alcohol 
and ether are the oxides of two radicalsrC,H, and^^SI^ 
QH,,. The compound ethers are thus still regarded as com- 
■posaTof ether and of acid ; but there is no longer ready formed 

water ip them, and they now become comparable with salts;— 

,»i (■•Li-: ^*j (^>, ." 

Ether - . - . C,H,„0 KO - - . . PuUi 

rLiloiil Ether - - CiMmCl.j KCL, - - Muriate of PHuk 

.Acetic „ Cj[I,„0 I CjH,|03 ' KO + QH.Oj Acetate „ 

Nitric „ ■CjUk.O + NjO, KO + N.O5 - Nitrate 

Berzelius very clearly perceived the importance of his sug- 
gestion. He had now attained what he had long striven for. 
The dualistic conception was now afiplicable lo organic com 
jxjunds, or at least to the most fully investigated group 
them ; and he does not conceal the pleasure which this occa- 
sions him. He states that the organic substances are now to 
be regarded (in the same way as mineral substances) as binary 
groups, but that in them compound radicals alone play the part 
of the inorganic elements — a view which Dumas and Liebig 
afterwards develop fully in a special treatise." (Compare 
p. 128.) 

A ground for discord was now provided, and it was not lo 
be long before the contention should begin. The ne.xt incite- 
ment to it is given by Liebig, who throws down the glove 10 
the etherin theory."' According to him, this theory has no 
justification, and all the grounds that can be advanced in iu 
favour rest upon fallacious experiments. Amongst these that 
is, in the first place, an observation of Hennell," according W 
which suipliuric acid ab.sorbs etherin (olefiant gas), and 
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duces sulphovinic acid directly. Liebig endeavours to pro^-e 
that Henneli's etherin was contaminated with the vapours of 
alcoiiol and of ether, and that the pure gas is not absorbed 
by sulphuric acid.'- He then attacks the formula; of Zeise's 
platinochloride compounds, which, according to their dis- 
coverer, consist of etherin, platinous chloride, and potassium 
chloride.'^ Liebig thinks he is justified in concluding from 
Zeise's analyses, and from the reactions of the substances, that 
It is not etherin but ether that they contain. Finally, he dis- 
putes the existence of the cthyl-oxalate of ammonia (etliyl- 
ixamate) which Dumas and Boullay had prepared from oxalic 
-ther and dry ammonia gas.'-* According to Liebig, the same 
substance is formed by the action of aqueous ammonia, and is 
dentical with oxamide. By this attack all the supports of the 
'therin theory seemed to be destroyed. Liebig, in bringing 
he matter forward, admits his adherence to the hypothesis of 
^erzelius regarding the ethereal compoimds, while he only 
differs from him in his view with respect to alcohol. In the 
atler substance also he assumes the radical CiH,t, which he 
^lls ethyl ; and with him alcohol is the hydr ate of ether, 
-4H,oO,H^O. In Liebig's opinion it was no objection that half 
tsmany atoms were thus assumed in one volume of alcohol as 
•^tre assumed in the same volume of ether. Chemists were 
jow further thari ever from adopting Avogadro's hypothesis, as 

rtbe gathered from the following assertions of Liebig : — i'' 
PApart from the contradiction which is involved, if ethei 
an oxide is deficient in the property of uniting with water 
o form a hydrate, while, like other oxides, it is able lu unite 
^th acids, and like the metals, its radical is able to unite with 
ne halogens, the specific gravity of alcohol v;ii > > - 
**oked upon as any evidence for its constitutic 
Mother radical. On the contrary, I believe t' 
*^ce that ether and water vapour unite in eijt 



D»be 



Berthclot afterwards showed tluil I 

9 Vigorous shaking. " Mag. f. I'ImM 

•^on. Clum. [2] 37, 15. '" Aniwlen 
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without condensation, is evidence in favour of the view tiial 
this comijound, alcohol, is a hydrate of ether. . . . In the 
formation of benzoic ether from absolute alcohol and benzoyl 
chloride, we perceive a simple decomposition of water, which 
does not extend further than to the water of hydration." 

Liebig went too far in his argumentation, and Zeise and 
Dumas justly protested against it. The former repeats his 
previous examination of the inflammable platinochloride, and 
finds his first results confirmed : there is no more oxygen 
present in the compound from which the water of crystallisation 
has been removed, and, therefore, ether cannot be assumed to 
be present in it, but only etherin.'" Dumas likewise upholds 
his earlier experiments. >" He points out the difference in the 
action of atjueous and of dry gaseous ammonia upon oxalic 
ether. In the first case only, is oxamide formed, whereas 
ammonia gas gives rise to the substance he had previously 
described, which he now calls ojcani ethan , and to which he 
assigns the formula C403,NH3,C4Hj [C = 6].*'* As a cons^ 
quence, Dumas also adheres to his old opinion. He draws 
attention likewise to the fact that it was with him the idea 
originated according to which ordinary ether ("sulphuric 
ether ") is the base of the compound ethers ; and he states 
that it is, in point of fact, the essence of die whole ethyl theor)'. 
He goes a step further, indeed, inasmuch as he regards ether 
itself as composed of water and olefiant gas. 

In this Dumas was right. There was one point, however, 
which had previously been brought forward by Liebig,''' on 
which Dumas and Liebig differed. This was the ass umpti on 
by J2yi"^s_that in ether two of the hydrogen atoms play.* 
different part from the others ; and JJebig contested this 
particular point. The discovery of the mercaptans by Zeise" 
furnishes Liebig with an opportunity to adduce new proofs of 



" Annalen. 23, I. " Ann. Chim. [2] 54, 225. Annalen. 10, iV > 
IS> S'^' '" I' seems .ns if DuniEis, in accordance with his earlier experiments, 
assmneJ one atom of water more ; the analyses do not, however, afford an)" 
sharp decision respecting this. '" Annalen. 9, 15. * Ibid. II, !• 
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the accuracy of his ideas.-^ He regards these compounds as 
analogous to alcohol ; they are composed of ethyl sulphide 
C<H,oS, and sulphuretted hydrogen H-.S, and their extremely 
interesting metallic compounds show that in them there really 
are two hydrogen atoms which hehave differently from the 
others. Two years later, in 1836, he collects together all the 
grounds for and against each view ; '-- and from the most 
various facts (but especially from the phenomena of substitution, 
already discovered by Dumas), he considers himself justified 
in drawing the conclusion that ether is not a hydrate but an 
I oxide. 

1" The matter was not yet settled, however. In his examina- 
j tion of wood spirit (carried out in conjunction with Peligot), 
Dumas had found new support for his views. -^ He succeeded 
in settling the composition of this substance, a matter that 
different chemists had attempted to .settle, but without success. 
He showed that in its whole behaviour it had the closest 
resemblance to alcohol, forming, as the latter does, ethereal 
compounds wilh acids; and he assumes in it the radical Cji^ ^ ■t.^fj 
methylene, with which etherin is polymeric. The advantages 
of this way of regarding the matter, which does not lead to the 
assumption of hypothetical radicals, are again pointed out.-* 

The discussion between Berzelius, Dumas, and IJebig, of 
which I have given some examples, was of much service to our 
science. Tlie facts were illuminated from the most different 
points of view, and this was far more favourable for progress 
than if a single theoretical njiinion had come too prominently 
to the front. The chemists just mentioned were the chief 
exponents of chemistry at that time, and round them the 
Other investigators gathered. Of these, only a few represented 
independent o])inions, and chemists were divided, accordingly, 
into three camps. It is true that in 1837 a sort of armistice 
concluded. At a personal interview, Liebig converted 



=' Annalen. II, 10. " Ibid. 19, 270, Note. *' Ann. Chim. [2] 58, 
5; Annalen. 13, 7S ; 15, i. -* Dumas and Ptligot believe thai ihey can 
isolate methylene. 
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Dumas to his opinions, and we find the two savants conjoin f/j 
publishing a scientific treatise"^'' in which they announce that 
thenceforth they wish to elaborate organic chemistry with 
united energies and from the same fwint of view; to have 
analysed in their laboratories all the substances not yet 
examined by them ; to open up, by the aid of their pupils, 
additional lines of investigation in the most varied directions; 
and to subject the work of others to a rigid criticism nnd check. 
But the union only endures for a short time : it is terminateil 
in a year, and each returns to special paths, which diverge 
more and more. In 1840 the two are again hostile towards 
each other, although perhaps more careful in their assertions 
and more polite than previously. 

Dumas had made observations in the meantime which 
caused him to break away from all traditions, to abandon 
dualism and the electro chemical theory, and to express views 
that Uerzelius especially attacked most vigorously. The latter, 
who up to this time had taken the most important part in the 
development of the science, holding his opponents in check by 
means of his theories, and who had struggled for the ascendency 
with Liebig and Dumas, now tries, ineffectually, to o]ipose his 
ideas to those of Dumas and of I^aurent. He relies upon 
unestabli.shed hypotheses, which only later, at Kolbe's hands, 
receive a real foundation, and accjuire thereby a scientific 
significance. 

Before turning to this_2eriod, with its theories of substitu- 
tion, of nuclei and of copulse, we must still consider a further 
development of radicals in the earlier sense, with which the 
various notions respecting alcohol and the compounds derived 
from it are brought to a close. 

Regnault, in his examinationof theoilof the Dutch chemistSi 
had found that this substance loses the elements of hydrochloric 
acid when it is distilled with potassium hydroxide, and that 1' 
yields a new substance of the composition C4H,C1,.^' This he 
regards as the chloride of the radical aldehydene, CfHt, and 

* Comptes Rendus. 5, 567. '•" Ann. Cl.iin. [2] 59, 358 ; Annalen. Iji ^ 
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ns his view by preparing the bromine and iodine com- 
3 of this radical, which he also assumes to be present in 
de and in acetic acid. He writes : — 



:k - ■ 

ir, - 

'Ij + HjClj ■ 

trj + HjBrj 



Hypothetical radical Aldehydene 

Chloraldehydene 

Bromaldehydene 

Chloride of Hydrocarbon 



chloride) 
Bromide of 

bromide) 
Aldehyde 
Acetic acid 



Hydrocarbon 



(Ethylene 
(Ethylene 



. 


- AC = C4H8 


Ad = N2H4 - Amide 


gas 


- AcH.j 


AdHj • - Ammonia 


- 


- AcH^ 


AdH^ - - Ammonium 


- 


ACH4O 


AdH40 - - Ammonium oxide 


iloride - 


- AcHjCLj 


AdH4Cl.j - Sal ammoniac 


- 


AcH^O + H^d 


AdH40 + HaO Compound in sul- 
phate of ammonia 


an - 


AcHjS + HoS 


AdlljS + HaS Hydrosulphuret of 
ammonia 


ic acid - 


ACH.2 + 2SO3 


AdH2 + S03 - Rose's anhydrous 
sulphate of am- 
monia. 


cid - 


- AcO + O2 




le - 


- AcO + H„0 






^ Annale 


1- 30. 139- 



L-- 



) -fHjO 
), +H,0 

is investigation of Regn ault's, carried out in 1 835, w as oic 
ted by Liebigj^and was intended to prove to l!)umas that 
lical etherin is not present even in ethylene chloride ; it 
:ended to overthrow the etherin theory, and it may have 
iich influence in moving Dumas to give up his former 
It is true that in consequence of this investigation 
also abandoned the radical ethjl, and tried to explain 
lereal compounds on the assutft'ption of a radical acetyl, 
'' These substances are again compared with the salts 
monia, but in the latter the radical amide is now 
;d. 



^ 
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Three views respecting the ammonium salts and the com- 
poiin3~ether.s had thus been advanced, and these differed from 
one another merely in the number of hydrogen alnrms which 
were assumed in the radical. 'I'he.se were : — 

r. The ammonia theory of Lavoisier, corresponding to the 
etherin theory of Dumas and Boullay; 

2. The ammonium theory of Davy, Ampfere, and Berzelius, 
corresponding to ihe ethyl theory of Berzelius and 
Liebig; and 

3. The amide theory of Davy and I^iebig, corresponding to 
the acetyl theory of Regnault and Liebig. 

Liebig believed that, by his new theory, he had overcome 
all difficulties, and had settled all contentions with respect filher 
to the ethyl theory or the etherin theory. He clo.ses his paper 
with the following words : " I'rom this point of view, both of 
the formerly opposed theories possess, as may easily he observed, 
the same kind of basis, and all further question as to the truth 
of the one view or of the other is thereby settled." 

In a certain respect, Liebig was right ; the question whether 
ethyl or etherin was present in alcohol was no longer discussed; 
not, perhaps, because acetyl was preferred, but because chemis's 
now began to attach another signification to the radicals, 'i^ 
phenomena of substitution, which were already known, gtadii- 
ally became of general applicability, and, after the discovery O' 
trichloracetic acid, the hypotheses which Dimias and Laurent 
had advanced, acquired great influence. Not only was the 
radical theory, in the form in which it was then stated, tha«t- 
ened liy these hypotheses, but dualism and the elect ro-cheinicsl 
theory — the very foundations of the entire mode of viewing 
chemical matters — were attacked by them, and were eventually 
driven out of the science. These hypotheses led to the jeeog- 
nition of the radicals as variable and of chemical compounds 
as possessecTof an individual or unitary character; and to the 
abandonment, as arbitrary, of the division of the latter into two 
parts. At a later period, in conjunction with the conceptions 
derived from the theory of the polyhasic acids, they led to a 
revision of the size of the atoms in the case of compounds, to 
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the establishing of the chemical molecule, and to the theory 
of types. Simuitaneously, the conception of the equivalent 
assumes a more fixed form, and is distinguished from that of 
the atom ; it is recognised that the atoms are not equivalent, 
but are of different values in combination ; the theory of 
atomicity is developed and this stimulates the determination 
of rational constitution as we now understand it. 

Let us next make something more than a mere bird's eye in- 
spection of this period, rich as it is in discoveries and hypotheses. 
We shall now subject it to a minute examination. In doing so, 
we find that the development of chemistry during the last sixty 
years is not inferior in interesting and important episodes to 
that of any period in the science. The participation in this 
development is a constantly increasing one, and it is a difficult 
task to seek out from the enormous mass of material which was 
elaborated during this ])eriod, the things that were important 
and conducive to progress, to state the development of the ideas 
in such a way that they shall be at once logical and in accord- 
ance with the actual facts, to do justice to every one, and yet 
not to lose the thread over details or questions of priority, 
^k The history of this epoch has never yet been described in 
^connected manner.^" In venturing upon the attempt to do 
thi.s, I am well aware that an objective representation of the 
period is scarcely possible, and that I play the part rather of 
critic than of historian. Still I have endeavoured to make my 
exposition of some value from the fact that I have always been 
careful to arrive as nearly as I could at the truth, and not to 
permit myself to be led by prejudices or personal matters. 

The conception of equivalence might have led to that of 
replacement or substitution, since the quantities of two acids 
"wijre equivalent when they saturated the same quantity of a 
base. The acid in a neutral salt could thus be rejilaced by its 
equivalent, without the neutrality being interfered with. The 
word " replacement " received further justification after Mitschcr- 

■* Wurtz's Histoire <ies doctririL'S chimiques only afipcarcii during the 
printing of the first cilition of these lectures, and Kopp's Enlwickelung c!cr 
Cbemie in tier neueren Zeit appeared some years aCteivituds. 
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Hell had studied the phenomena of isomorphism. It could then 
be said that certain elenient.s in a cry.stai might be replaced by 
others, without alteratiun of the crystaHlne form. Such substi- 
tutions possessed the peculiarity, however, that they were not 
connected with any proportions by weight, and it may thus ap- 
pear all the more remarkable that they should render important 
assistance in the determination of atomic weights. The hypo- 
thesis underlying the phenomena of isomorphism was that one 
atom could only be replaced by one olhcr ; that is to say, that 
the numbers of the atoms in isomoqihous compounds must be 
identical. Since chemically similar substances had alone been 
compared, an extension of the prevailing views, based on the •■ 
phenomena of isomorphism, would have been quite possible ;-3 
but this class of phenomena had never led to any attack upon 
the system. 

Such an attack now took place, however, and it was founded, 
upon a series of facts which I must relate here. In the bleach- 
ing of wax by means of chlorine, Gay-Lussac had observed that 
for every volume of hydrogen eliminated, an etjual volume of" 
chlorine was taken up.-"' He had also found the same thing 
in the action of chlorine on hydrocyanic acid. In the course 
of their investigation of the benzoyl compounds, previously 
referred to, VVohler and Liebig, when acting with chlorine upon 
bitter almond oil, had discovered benzoyl chloride ; and they 
expressly remark that this substance is produced from the 
bitter almond oil by two atoms of chlorine taking the place of 
two of hydrogen.™ In 1834, Dumas examines the action of 
chlorine on oil of turpentine,-" and in this case also each 
volume of hydrogen eliminated is replaced by the same volume, 
of chlorine. Then when he studies the products of the d{ 
composilion of alcohol by means of chlorine and of bleach 
powder, in order to clear up the nature, and the mode 
formation of chloral and of chloroform, he states the emi>iri( 
rule, observed in a single case by (lay-Lussac, in the follow 
general form : — ^^ 

* Gay-Lussac, Lemons deChimie.'* Annalen. 3,263." Ann. Cj 
[2]^. 140. =« Ibid. [2] 56, 113. 
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1. Wlien a substance containing hydrogen is exposud to 
the dehydrogenising action of chlorine, bromine, or iodine, for 
every volume of hydrogen that it loses, it takes up an equal 
volume of chlorine, bromine, etc. 

2. When the substance contains water, it loses the hydrogen 
lorresponding to this water without replacement. 

The second rule was advanced chiefly to explain the 
formation of chloral, and at the same time to justify the 
formula CjHg + aHjO [C = 6] adopted for alcohol by Uunias 
lix years previously. According to Dumas, the phenomena of 
substitution furnish a new proof of the difference of the hydro- 
gen atoms, eight of which are united to carbon, and four to 
oxygen. In the case of the former alone does replacement 
occur, whilst the others are removed without replacement. 

Thus we have ; — 

(CaHj+ 2H,0) + 4C! = QHbO, + 4HCI 

Aldehyde. 
QHbO, + 1 2CI = QHjClsO, + 6HCI 

Chloral. 



By means of various examples, Dumas further endeavours 
;o prove the general validity of the laws which he advances. 
n establishing the correct composition of the Dutch oil, he 
points out that the chloride of carbon obtained from it by 
means of chlorine, and examined by Faraday,^ supplies a new 
argument in favour of the accuracy of his views. He also finds 
similar support in the action of chlorine on hydrocyanic acid, 
on bitter almond oil, etc. 

But Dumas is not satisfied with this. He goes a step 
rther still, and regards oxidations as cases of substitution, as, 
r example, the conversion of alcohol into acetic acid.** In 
this case every volume of hydrogen eliminated is replaced by 
half a volume of oxygen. Accordingly we have : — 



(CaH, + H.0») + O, = {C,H,0, + H,0,) + HA ; 



Alcohol. 



Acetic Aciti. 



Phil. Trans. 1821, 47. 



** Ann. Chim. [2\ $6, l\>,. 
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and the formation of benzoic acid from bitter almond oil ^ 
explained in the same way : — 

C«|H„0^ H, + Oj = C„H„0^0 + H.O. 

Bitter Almund Oil. Benzoic Acid. 

Tn ordur to be abk to include the action of oxygen witb»" 
his rule, he .states the latter as follows : — When a compour*_ 
is exposed to the dehydrogenising action of any'subsLince^ ''^ 
takes^up a qiiantRy of'this substance equivalent to the quanti*-j 
oTlhe hydrogen eliminated. 

The doctrine of Dumas seems to me to be of most irt*^ 
porlancc in this connection. He shows us that equal volum^^;; 
of hydrogen, chlorine, bromine, and iodine are eguivalet*.?^ 
while they possess only half the value of the same volume i"""^ 
oxygen. The difference between the two is clearly visibB 
here, and this is the beginning of the separation of atom an ■ 
equivalent. ^~ ' ~~ 

The phenomena of substitution, or of metalepsy, as Duma^ 
called it, were followed up further in the succeeding years b 
Dumas himself, as well as by Peligot,-''' Regnault,^"' Malaguti,' 
and, especially, Laurent ; and in particular, it is the independen 
extensions which the latter gave to Dumas' rule, that we shal 
now consider. 

Laurent has enriched chemistry with a very large numbe; 
of experimental investigations, but these, in many cases, an 
unfortunately wanting in the necessary accuracy. He hm 
at his command only very limited resources, and instead 
of confining himself, on that account, to a few branches, 
Laurent, who was very fertile in ideas, preferred to start a greal 
many things and to carry them out in a superficial manner 
He destroyed, in this way, his reputation as an experimentalist 
and was met with hostility at the very outset of bis scientifit 
activity ; while he was afterwards treated with unnecessar) 
severity, especially by Berzelius and Liebig. This naturall> 




*> Annalen. 18,^4 ; 13, 76 ; 14. 5° : 28, 246. ■" Ibid. 17, 157 ! 28P- -^ 
*#/ S3i 3'°! 34, 24. etc. ■'" Ibid. 24, 40 ; 25, 272 ; 32. 15 ; 56, 26S,etc;^ - 
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reacted upon him, and he went his own way, and became 

gradually more incom])reheasiijie, particularly in consequence 

of a nomenclature which was used almost exclusively tjy himself. 

•Vfany of his clever and original ideas were thus lost to our 

science, or are now ascribed to the services of others. A great 

dea.1, on the other hand, was supplied to us first hy Oerhardt, 

>vhc> was a friend and collaborator of Laurent fur many years, 

and who combined a clear mode of expressing and of regarding 

chemical matters with probably more perspicuity and less 

genius. 

-^t an early period, Laurent had begun to occupy his 
3-ttention with the phenomena of substitution. He first studied 
r»sip»l-ithaline and its derivatives;^* then, simultaneously with 
f^eigiiault, the derivatives of ethylene chloride;^" afterwards 
tHti action of chlorine upon compound ethers,^'' and upon the 
P^'oducis of the distillation of tar, especially on phenol,*' etc. 

He very soon satisfied himself, by means of these various 

itnv-^stigations, that the form which Dumas had given to the law 

o» suh.siitution was not a generally accurate one. He found 

*^"^t in very many instances there are more or fewer equivalents 

*"*-_ ?lll!orine,jjr Qf_ox]^gen taken up tSan there arejDfJiydrogen 

*^''»'»'»inated, and vice Tcrsd ; and that this is the case even with 

^"•stances which do not contain oxygen, so that the exceptions 

_3^r»n(jj i^j. explained by Dumas' .second rule.*" At the same 

^^) however, Laurent points out that the substituted product, 

. *^*i it is produced by replacement of equivalent by equivalent, 

, ' exhibits certain analogies with the original substance ; and 

^sserts that tJl!.'- clalgrme introduced takes the place, and to a 

---^'^in extent plays the part, of the hydrogen eliminated. His 

«^'*iion may be stated somewhat in the following manner : — ^ 

■^lany organic substances when treated with chlorine lose a 



Cert 



^>n number of hydrogen atoms, which escape as hydrochloric 
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« J Annalen. 8, S; 19, j8 ; 35, 292: 41, 98; 72, 297; 76, 298, etc 
2, «<^1. 12, 1S7 ; 18, 16S; 22, 292. ■"' lUd. 22, 292. " Ibid. 22, 292; 
2 ' ^c> : 43, 200, L'lc. *' See p. 141. " Laurent, >!elhode de Chimie. 
Q . * C 199 ; These de doclcur, Paris, 20 Dec. 1S37, 1 1, SS and Io2 ; Ann. 
[-] 63> 3S4: Comples Kendus. 10, 413 ; Revue Sc\cn\.\?it\iie. \, \<>\. 
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Laurent into our ordinary language. It will then be possible 
to obtain, moreover, a better grasp of Laurent's ideas. 

The nucleus theory elearly sprang from the radical iheor)', 
but only by an essential reconstruction of the latter. The 
faSical of Laurent i s not an una lterable group of atoms, but it 
is a comijound, which can be alteredljy substitution in equiva- 
lent pro[)ortions and does not lose thereby its characteristic 

jperties. Thus Laurent isable to derive all his radicals from 
iydrocarbons, a j)roceeding which is, of course, In completecon- 
tradiction to the older ideas. These radicals can unite with other 
atoms, and in the suljstances so produced the nuclei are present 
as such ; the nuclei pre-exist in the substances, and Laurent, 
tRerefore, entirely agrees on this point, with his predecessors, - 
By means of these two hypotheses, he is able to ex])lain all the 
facts — not only the cases which AjIIovv Dumas' rule, but those 
also which are at variance with it, and of the latter he had found 
a large number. At the same lime, his point of view furnishes 
reasons why both kinds of reactions are possible. On the assump- 
tion of the alterability of the radical, it may easily be understood 
that a group included far more compounds than was possible 
with the older radical theory. I^urent was thus able to discover 
far more of what we should now call " generic relationships," and 
that was an unquestionable advantage. Since he assumed tTie 
number of carbon atoms in the nucleus to be constant, sub- 
stances were arranged into series according to the number of 
atoms of carbon they contained, and this supplied the basis of 
an excellent systematic classification. With him there was no 
connecting link between the series so formed ; and in this 
respect Laurent's division differs from the classifications of the 
present day, which accentuate all relationships as much as 
possible. No such mode of treatment could, indeed, have been 
carried out at that time. 

After these explanations, I may state that much^hat V3S 
new and good was advanced in Laurent's nucleus theory. 1" 
importance lies principally in the fact that it was capabltif " 
general application, and, as Gmelin proved, could be admirably 

nployed as the basis of a detailed lext-tebV. In this respecfit 
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listinguished by very marked advantages over the radical 
)ry, which, owing to the very definite form that had been 
•n to the radical, could only be of service in certain direc- 
s, while it wholly overlooked various relationships. 
I think it may be advantageous to show, by means of a few 
nples, the mode in which Laurent applied his theories, and 
what his formulae were for different compounds. In doing 
I shall choose familiar groups of substances. 
Nucleus, Etherene dH, [C= i2]« 
erene Hydrochlorate - - CiHj + HjClj 
oretherase - - - - QHjCla 
oretherase Hydrochlorate - CiH.Cla + H,Clj 
oretherese - - - - CiH^Cl, (then unknown) 
oretherese Hydrochlorate - C4H,Cl4+H2Cl2 
oretherise - - - - C4H2CI, (then unknown) 
oretherise Hydrochlorate - CiHjCl, + H,Clj *" 
oretherese - - - - CiClj 
erose Chloride - - - QClj + CI4 

oral €401,0 + H,0 

■mal C4Br,0 + H,0 

oracetic Acid (then unknown) C4H2CI4O + Oj 
Nucleus, Methylene C2H4 
Chloroform - - - C2CI4 + H2CI2 
Bromoform - - - C2Br4 + H2Br2 
Cyanogen - - - C2AZ, 
Hydrocyanic Acid - - QAz, + H, 
Cyanic Acid - - - CjAzj + O^ 

Nucleus Ci4H,4 
Bitter Almond Oil - - CuHkO, + H, 
Benzoic Acid - - - CmHkO, + O 
Hydrobenzamide - - CuHji^z*/, + H, *' 

* Ann. Cbim. [2] 63, 388 ; Annalen, 22, 303. ^ The prindn 
nomenclature employed originated with Dumas (Ann. Ch«— 
I. Laurent almost always used this nomenclature. 
Azote) was written for the nitrc^en atom in Fianc 
frequently is). I have used it here for a reaion dr 
ler on, * Ann, Cbim. [2] 62, 23. 
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I have inii ntionallv chosen these particular examples. They 
lead us to a poinr in I-aurent's views which we have, up w 
the present, only very superficially touched upon. Since he 
assumed substitutions of hydrogen by nitrogen, we may inquire 
what tlijit-i'jUivalent of nitrogen was. We recognise, from his 
deriving cyanogen from methylene, that Laurent assumed one 
atom { = 14 parts by weight) of nitrogen as equivalent to two 
atoms ot l^rts by weight of hydrogen. This hypothesis did not I 
accord vriih fact in the case of hydrobenzamide, which Laurent 
had i'!'i.iined by treating bitter almond oil with ammonia. If I 
i\\ new substance was to be referred to the same nucleus as that • 
from which he derived benzaldehyde, then two-thirds of an atom, 
or 9.33 parts by weight of nitrogen, must be equivalent to two I 
parts by weight of hydrogen. Laurent did not know how to get 
out of this dilemma. The question was decided by Bineau.* In 
a detailed paper the latter endeavoured, in 1838, to give a solu- 
tion to the problem of the determination "of the equivalent of I 
nitrogen. After a discussion of the fact that the common f 
method of fixing this number is very arbitrary (considering that 
the quantity of a substance which, in its lowest stage of oxida- 
tion, unites with 100 parts by weight of oxygen is usually 
assumed to be equivalent to that quantity of oxygen, whereas it 
would be quite as justifiable to start from any other stage of oxi- 
dation), he adopts other considerations in respect to the matter, 
He obtains his evidence chiefly from the hydrogen compounds^ 
He compares ammonia with water, and asks how many atoms 
of oxygen are necessary in order to oxidise completely th«( 
hydrogen united to one atom of nitrogen. It is known that ifl 
atoms are required for this, consequently Bineau finds 14 parts] 
by weight of nitrogen to be equivalent to 24 of oxygen and tol 
3 of hydrogen ; in other words, the equivalent of the fonner,J 
compared with r6 parts by weight of oxygen, Is 9-33 = Azf. H^ 
introduces for nitrogen the symbol N, and points out that hydro-l 
benzamide now accords with Dumas' rule. It can very easily I 
be understood that Laurent accepted Bineau's detennination. 



'" \i\v.. CV™. Wfrj, 215. 
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On scarcely any side did the nucleus theory meet with 
acceptance. Uumas made use of much of it in advancing the 
theory of types, and ahhougli in doing so he mentions Laurent, 
still opinions which unquestionably were first stated hy the 
latter, were ascribed to Dumas. No doubt, they met with 
acceptance earlier on account of the superior authority and 
position of Dumas. 

Liebig, however, expressed himself very fr rcibly against 
Laurent," and he was not altogether unjustified in his charges. 
In the application of liis theory fjaurent incurred blame for 
many arbitrary proceedings, which Liebig knew how to point 
out with much effect. Liebig further attacks the facts dis- 
covered by I-aurent and enijiloyed by him in support of his 
opinions ; and these are likewise not always able to withstand 
the keen criticism applied to them. 

Much more violent still were the attacks of Berzelius,"- 
which he erroneously directed against Dumas. The view that 
negative chlorine could take the place of positive hydrogen, 
without altering the nature of the product, was wholly inadmis- 
sible with the author of the electro-chemical theory. He makes 
every conceivable endeavour to bring ihe constantly increa.sing 
number of substitution products into harmony with his theories. 
I shall postpone, however, the detailed consideration of his 
views until a subsequent lecture, and shall close this one with 
an observation of Gerhardt's,''^ which enables us to recognise 
the clear and intelligent percei)tion of this chemist, who at the 
time was still quite a young man. 

Laurent's formula for Dutch oil was CjH,Cl, + HjCI-. By 

treatment with chlorine this substance was said to be converted 

into chloride of carbon, C^Clij.^^ According to Gerhardl, | 

Laurent's formula is inaccurate because it assumes the decom- 

[position of hydrochloric acid by means of chlorine, accompanied I 

bby the re-forniation of hydrochloric acid. 



" Annalen. 25, i. '*' Compare Comples Kcnilus. 6, 629 ; and 

Berzclius' JahresUrichl 1840, 361. ■» J. pr. Chcm. 15, 17. " PhU. 
Trans. 1S21, 47. 



LECTURE IX. 

Graham's Investigation of I'HosrHORic Aciu—LiEBir.'s Theory of 
I'oi.YHASic Alius, and his Views with resi'ect to Acids in 
GENERAi, — Adoption of the Davy-Dulong IlYcffiHEsis— Dis- 
covery of Trichloracetic Acid— Attack UPON the Eleciko- 
Ciiemical Theory— Replies of Berzeuus- Copul.€. 
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I WISH to begin this lecture with some general remarks Avhich 
may serve as an appendix to what was stated in the preced- 
ing lecture respecting the phenomena of substitution, and 
especially to the conceptions of them which were entertained 
by Dumas' and by Laurent. - 

I desire to point out how, in consequence of the observed 
phenomena of substitution, the conception of the equivalent 
assumed a more definitt: form. Thus in assuming, with Dunia^i 
that the quantities replacing one another are equivalent (ar>o 
this was an assumption that had some justification, according 
to Laurent's views which rendered possible a direct cort*' 
parison between the original and the final products), a series ' 
experiments was all that was necessary in order to determir*^ 
the equivalents of the substances so replacing one anothef- 
One section of chemists actually did work in this directior^* 
and, in consequence of this, it is necessary to observe P^^^T^ 
ticularly to which school the author of any paper publishe*^ 
at that time belongs ; for at this very period Gmelin's schoty » » ^ 
which likewise wrote or desired to write in equivalent forraulE^*B 
began to acquire much influence. Whilst the adherents of tl»^ < 
substitution theory (who made use of the equivalents), in spit^ 
of numerous shortcomings and mistakes, always endeavoure*^ 
to separate from each other the conceptions of atom an' 

' Dumas, Traite, Organic Part. I, 75. " Annalen. 12, 187. 
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quivalent, and to fullow up both of them consistently, almost 
tie opposite might be said of their opponents. The latter 
;new that one atom of alumina, AljOj, requires three times as 
Quch sulphuric acid to saturate it as one atom of potash, KO ; 
hey also considered that one atom of phosphoric acid, PjOj, 
equired three times (in reality twice) as much base to form a 
leutral salt as one atom of hydrochloric acid ; and yet they 
iid not hesitate to employ the name " equivalents " for these 
juantities. 

Just because our chemistry of to-day is based essentially 
ipon the difference between the conceptions of atom and 
quivalent, everything that could lead to a distinction between 
iiese conceptions must be specially emphasised. I wished, 
lerefore, to point out that a new means of determining equiva-" 
■gt s was fur nished, in the fourth decade of the century, by 
'-^ Dher iomena of substitution, and that this involved a real 
^vance in the question which is especially interesting us at 
esent. But it was further shown, from an entirely different 
*int of view, that the atoms of compound substances are not 
•Cessarily equivalent. Decisive reasons were advanced to 
'^blish the diflferences that exist, in this respect, in the ca.se 
the acids, which formed one of the most fully investigated 
^ses of substances. The experiments relating to this matter 
•re carried out at an earlier period than the advancement by 
|plas of the theory of types, which was the next step in the 
Btlopment of the substitution theory, and on this account 
■fiink it should be treated of first. Even if both matters 
-rrjed at that time to be extremely diverse, still the exercise 
Some influence is not only conceivable, but it can actually 
•observed ; and, for this reason, the chronological order must 
t be altogether lost sight of. 

It is seldom that, in order to produce any great result, so 
^' investigations have been nece.s.sary as was the case in the 
■^'ming of the the or)' of p o]yb^i£.acids. The experiment and 
"^ Idea whereby this wide field of investigation was opened up 
Experimental science, while new and secure lootiiij.; was 
V<led to theory, are alike elegant and precise. Only ti few 
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persons took a part in this important crisis in chemistry, but 
they were valiant champions who conciuered for us this domain. 
And, once set foot upon, the ground was secure, despite the 
contradiction of an authority whose words, although they Iwi 
been observed in other cases in a scrupulously conscientious 
manner, were now spoken to the winds. 

It is to Graham that the first impulse towards an alteration 
in the views regarding acids vias due. Graham's investigation 
of phosphoric acid, and the way in which he states his results 
— the former free from preconceived notions and hypotheses, 
and the latter clear and definite — show us that we have to do 
with an acute and clear-minded thinker. When regard is paid 
to the ideas that were necessarily introduced as the dire^ 
result of the investigation, and when those intellectual advances 
are con.5idered which were occasioned — not exclusively, il ^ 
true, but .still to a great extent — by Graham's labours, it must 
be conceded that so much has seldom been accomplished by a 
single investigation. 

As a consequence of Clark's investigation of phosphoric 
acid,^ the view had been arrived at that this acid existed m 
two isomeric conditions, which, in their salts in particular, wcf* 
stated to present great differences.'' Common .sodium phoS' 
phate gave a yellow precipitate with neutral silver salts, and 
the liquid possessed an acid reaction ; the pyrojihosphale, on 
the other hand, precipitated white silver pyrophosphate and 
the neutrality remained. It was known, of course, that the 
one sodium salt crystallised with more water than the other, 
but this was regarded as water of crystallisation, and no ini- 
portance was attached to it ; so that the two acids were looked 
upon as isomeric modification.s.'' Graham rectified this mistake' 
He succeeded in throwing light upon this hitherto obscure 
subject by proving that the water which was contained in ^'^f 
hydrated acids should not be disregarded as inessential to theif 



■* E(]inl)iiry;h Journal of Science. 7, 29S ; .Schwcigger's Jo\irnal. 57i^'' 
* Sec alsp SlruiiiL'yer, Stliweigjjtr's Juuinal. 58, 123. '^ Compare Bi^' 
zelius, l.clirbuch. Third Edition, 2, 60. 
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^itution, bul that, on the contrary, it assumed the function 

EK base." Grahanishowe d. in iSt^. how ordinary phos- 
ic acid and all its salts may be regarded as compounds of 
latum of phosphoric acid, PaOj, and three atoms of base 
ph can be completely or partially replaced by water. Thus, 
^ding to him, ordinary (neutral) sodium phosphate consists 

Ee atom of phosphoric acid combined with two atoms of 
and one of water : on mixing its solution with silver 
e, the silver salt with three atoms of silver is precipitated, 
Bt sodium nitrate and nitric acid remain in the solution 
Ither. Exceptions to Richter's law (already observed in 
Bar cases by Berthollet), where the mi.xture becomes acid 
p the solutions of two neutral salts are mi.xed," were thus 
ttined. In this case two atoms of soda and one of water 
exchanged for three atoms of silver oxide, 
nother very important result of Graham's investigation is 
Wth in the analysis of pyrophosphoric acid and its com- 
ds. Graham shows that on heating the sodium salt men- 
id above to over 350°, the water it contains is driven off, 
that sodium pyrophosphate, identical with the salt already 
n, is in this way produced. This salt is not, however, 
leric with the original one, as had been supposed, but 
fers from it by containing one atom of water less ; and this 
essential importance in regard to the nature of the acid, 
white precipitate, too, which is produced by silver salts, 
' contains two atoms of silver oxide ; and it is thus a quite 
pral property of pyrophosphoric acid, to saturate only two 
IS of base (or of water), which distinguishes it very sharply 
i ordinary phosphoric acid. In the latter the ratio of the 
fen in the base to that in the acid is as 3 to 5 ; in the other 
it is as 2 to 5 . 

iraham finds further that on heating the acid sodium 
phate, which consists, according to him, of one atom of 
phoric acid, one atom of soda, and two atoms of water 



Hil. Trans. 1833, 253 ; A.C.R. No. to ; Annalcn. 12, i. 
It, Stat. Chiin. t, 117 ; E. t, 85. 
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(as base), both water atoms are driven off, and a hitherto 
unknown salt, sodium metaphosphatc, is produced. The acid 
contained in this salt is characterised by being saturated bj 
one atom of base, whilst, in the free state, it contains one atom 
of water. The silver compound was again different from either 
of the others. In this case the ratio of the quantities of oxygen 
in base and acid was as i to 5. 

Finally, it was shown in the investigation, that meta- and 
pyrophosphoric acids, as well as the majority of their salts, 
pass into ordinary phosphoric acid or a salt derived from it, 
when boiled with water, or still better, when fused with sodium 
carbonate. 

Two important theoretical conclusi ons can be directly de - 
duced from Graham's investigation. 

(i.) In acids there is a certain number of atoms of water, 
and salts are formed by the replacement of these. 

(2.) The atoms of the acids are not always equal in numte 
to the atoms of the bases, and in some, the ratio is even 
variable. Thus Graham showed how, from the same phos- 
phoric anhydride, to prepare three hydrates which were able to 
take up quite different quantities of base. 

Liebig, in 1838, stated these conclusions with great clear- 
ness and precision.* A man of his genius could not, however, 
rest satisfied with publishing thoughts that were merely conclu- 
sions drawn from the experiments of others. We are indebted 
to Liebig for an excellent investigation of a series of organic 
acids, from which it appeared that phosphoric acid does not 
stand alone with respect to its behaviour towards bases, bnt 
that in the cases of certain other acids, one atom likewise pos- 
sesses the property of saturating several atoms of base. Found- 
ing, as he did, upon a broader basis, he was then able to 
introduce the idea of the polybasic acids. 

Liebig's experimental investigation embraces fulminic, 
cyanic, meconic, comenic, tartaric, malic citric, and other acids- 
He finds relations amongst the salts of each of these acids, 



" Annalcn. 26, 113 ; coni|jarc Comptes Reniius. S, 863. 
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which are similar to those in the case of phosphoric acid. But 
he endeavours, especially, to range the three cyanogen acids, 
i.e. cyanic, fulminic,* and cyanuric, side by side with the three 
phosphoric acids. In the former, as well as in the latter, there 
is present, according to him, a group of atoms which has the 
power of saturating sometimes one, sometimes two, sometimes 
three atoms of base. But whilst the atomic weight is not 
altered in the case of the phosphoric acids, it increases in that 
of the cyanogen acids in the same ratio as the saturating 
capacity, so that the resulting salts are polymeric with one 
another. In the latter case, the quotient ob tained by dividing 
th£_qiiatitity of oxygen in the acid by that in the base, remains 
uncha nged, whereas this, according to Graham, is not the case 
with the varieties of phosphoric acid. 
Liebig writes : 

3MO.P»05 Phosphate. 3MO CyjOj Cyanurate. 

zMO.PjOj Pyrophosphate. 2MO CyiOa Fulminate. 

MO.PjOj Metaphosphate. MO CyjO Cyanate. 

Of distinctly greater importance are the considerations 
which lead Liebig to propose a separation from the other 
acids, of those which behave in a way analogous to phosphoric 
acid. The course of his argument in this matter is approxi- 
mately as follows : The relations are not so complicated in 
the cases of all the acids which share with phosphoric acid the 
characteristic property of neutralising several atoms of base by 
one atom of acid, as they are in the case of phosphoric acid 
itself; and hence it is not so easy to establish in all cases that 
they belong to this category. In the case of phosphoric acid, 
no matter what number may be chosen as its atomic weight, it 
can never be shown that one atom of acid saturates one atom 
of base in all three modifications.^* What, now, are the 
characteristics that enable us to recognise that we have to do 
with a substance belonging to this group ? 

• Liebig assigns to fulminic acid the formula 2H30.Cy402 [H=l, 
C=I2, 0=16]. '" Here, as in the foregoing, the word acid is to be 
understood as referring to the anhydride. 
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s order to decide this 
He CTHfres the behavioar of 
: mad miA ^M. a£ mifkmnc acid, a compound con- 
; mbidt be tes no tcasan far reckaaii^ it in this class. 
Indoiagsobessft:'' — 

"If to acid «i1|*Mr of polask, we add anoth«r base which 
•• not isoneric with poiasfa and vUdi fdnns with sulphuric 
acid a s^t 6ee inm water of ha lhjdmi oa,** soda for example, 
tttt acid sak W|Wfalcs into two neotal ones, Glaubers salt 
and colphate of potash, whicfa ci3rstallise apart from each 
other. 

*' If, on the other hand, a ootain quantity of potash is 
added to add pho^ihate of soda, phosphate ofil^ soda' and 
potash is formed, whoUy analogous in its composition to the 
acid salt. It contains three atoms of base ; two of these are 
Kxia and potash ; one of the two atoms of water previously 
contained in it, is replaced by potash, the second atom remains 
in the composition of the new salt. 

"This behaviour distinguishes phosphoric acid and arsenic 
acid from the great majority of all other acids : their [)ower of 
forming salts of the same class with different bases, diffenng 
from those which are called double salts, depends essentially 
upon their properly of combining with several atoms of base. 
/regard this character as decisive respecting the consiilntioA "J 
these, and of ail acids which form compounds similar to those oj 
phosphoric acid." 

\ criterion is thus found for separating phosphoric acid an^ 
its analogues from the other acids, and Liebig employs it '" 
order to establish the fact that all the substances examined by 
him belong to this class. The grounds upon which he also 
decides to include tartaric acid in this group are very interest- 
ing and important. This acid was at that time written CjHjOn 
so that its atom saturated only one atom of base. The eMS'' 



" Annalen. 26, 144-145. " Liebig reganis as water of halhydtalioip 
that water in salts which can be se|Kiraled and replaced by equivalents o' 
neutral sails. 
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tice of Rochelle salt and of tartrate of potash and ammonia, 
hich can be obtained from the acid potassium compound l)y 
eutralising with the corresponding bases, prove to Licbig 
lat tartaric acid also possesses the property of neutralising 
KO atoms of base; and this leads him to double its atomic 
'eight, i.e. to write it CgHgOio. The talented author of this 
imous paper thus understood very well that the considerations 
ere advanced furnish a new aid to_the.- determination of the 
tomic weight 

Liebig justifies the separation of the acids into different 
Toups, in the following words : — ** 

" The acids might be divided into monobasic, dibasic, and 
ribasic. By a dibasic acid there would be undcrstfjod one 
fhose atoms unite with two atoms of ba.se in such a way that 
hese two atoms of base replace two atoms of water in th*; 
cid. The conception of a basic salt thereljy rcmainx un- 
hanged. . . . Accordingly, when two and more than two 
toms of base combine with one atom <A an add, and (in\y one 
torn of water is separated durii^ the operation {fewnr there- 
)re than the number of equivalents of the fixed \tMe), then a 
ally basic salt is produced." - - ." 

This great step was thus taken. The way ha/I l^ecn j*rc- 
ared for it by the labours of Giahatn ; the chai^ wa« CjwrM 
trough and established by lieb^s tnve«t%atkj>m. If we 
esire to be strictly just (and we net «oi»ne rahie upf^ thj»;, we 
lust not suppress the fact that liebig piaM»tie4 the ftfvi 
aper on this subject along with DonuM in tH^j^''' Itm wa« 
le only fruit of the pmfifjs&i xm^iSai^m t/( thev; two thttrtttvut^. 

In the same pojier m wfcicfa IJeyg; 'ierdc/p*, m ^**m\, tf^ 
leory of the polrtafK: a»^t <ot mj/h^jM)//^. wte,. wi^Jn c^y. 
cids &D into sertsal d!s«*«j. Jie *wi<=jr>i'/iy»^. t^ »,^itt^ -4 * 



' Connptn Rffluiua.. J. Mij. At-vjHia^g "<v * ,«r?«f »H4»!)v Ii,««vi4 **tii«wrM- 
o the FicaKft. ^VaMsnu; 41 tttjt <'>imyiw Jr^mitiw. ♦; feip j / trtrt txitm 
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" hypothesis," to get rid of the division, which had subsist:^ 
up to this time, into hydrogen acids and oxygen acids. Tlr*'^ 
hypothesis is a reversion to the ideas of Davy and of Dulonf^- 

\ similar attempt had pre'vTously Iweil lliaid5"l)y'Llar'*' 
although much less elaborated. According to Griffin," Cla«"* 
stated views of this kind in his lectures as early as 1826. ^^ 
he himself wrote to Mitscherlich in 1836,1* he finds grouncis 
for his opinion in the isomorphism of sulphate of soda arm « 
permanganate of baryta. At that time, the formulae assigne* 
to these compounds were : 

NaOSO, and BaOMn.O,! 
according to which they contained an unequal number o' 
atoms. Clark proposes to double the atomic weight o' 
sodium (that is, to assume it to be four times as great as a.t 
present) and to assign to it the number that -Rer/gl igs adopted 
in 1819.'" Since he further regards the aqids as hydrc^^'' 
compounds, from which salts are produced by the replaceinei^* 
of the hydrogen by metals, sulphuric acid, with him, is HiS*-'i 
and permanganic acid HMn04; and therefore sulphate of soo^ 
is NaSjOg, and permanganate of baryta is BaMnjOg ; and "^^ 
this means he attains similarity in the number of atoms in bot 
compounds. 

Quite different grounds, which are of much superior val**^' 
and are more numerous, lead Liebig to revive again the D^"^ 
Dulong hypothesis. Graham had shown that pyro- and m^*' 
phosphoric acids can exist in aqueous solution without at o*^ 
passing into ordinary (tribasic) phosphoric acid. Liebig c*^ 
sequently inquires whether these three acids really differ ff*^ , 
one another by an atom of water in each case, and whethe*" . 
is the gain or loss of water which brings about the changes 
the basicity of phosphoric acid. He does not believe tt^^ 
convincing grounds can be found for the adoption of t*" 
hypothesis; so that the contrary supposition, in accordaJ'** 



"« Compare p. 83. " Griffin, The Radical Tl 

London (1858), 4 «/ sag. " Annalen. 27, 16a 
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which the salts are formed by the replacement by metals 
le hydrogen of the (hydrated) acid, is not to be rejected 
mditionally. The accuracy of this idea being premised, 
acids would not contain any ready-formed water, and they 
d not be any longer regarded as consisting of anhydride 
water, any more than the salts were compounds composed 
;id (anhydride) and base. 

jebig finds an important support for the latter hypothesis 
accordance with which the metals, as such, should be 
med in salts) in the behaviour of tartar emetic at a 

temperature. According to the analysis, the formula 
sKSbjO]! represents the compound dried at ioo°. It 
assumed to contain an atom of anhydrous tartaric acid, an 
1 of potash, and an atom of oxide of antimony, so that its 
lula was written CgHjOio + KO + Sb,0, (assuming that the 
lula of tartaric acid was doubled). According to Liebig 
substance, on being heated to 300°, loses two more atoms 
ater, a property which it does not share with any other salt 
le same acid. The assumption of the presence of water in 
icid, hitherto regarded as anhydrous, appears objectionable 
liebig on account of the consequences which would follow 
> it, and so he believes that nothing remains but to ascribe 
formation of water to the reduction of the oxide of 
nony. The actual existence of a base, in the metallic 
lition, combined with an oxygen acid (even if only for 
Jn compounds) would no longer require to be regarded as 
•re supposition.*" 

in another occasion, when discussing these relations, 
ig writes the formula for tartaric acid, C,H40ij.Hj, and 

of tartar emetic which has been heated to 300°, 
K 



«o„| 



0. , and I must not omit to draw attention to the 
so, 

that the displacement of three atoms of hydrogen by one 

tt of antimony, is here assumed.*' 



"Hxe paper in question is by Dumas and 
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Liebig admits that it is difficult to understand how potash 
is reduced by means of sulphuric acid, an assumption which 
must be made in case sul[)hatc of pota.sh is to be regarded as 
a potassium compound ; but he instances a case in which a 
hypothesis of the kind is indispensable to the explanation ot 
the facts. The decomposition of thiocyanate of silver by 
means of sulphuretted hydrogen, with the formation of sulphide 
of silver and free acid, would be contrary to all views regarding 
affinity if the salt corresponded to the formula AgS.+ CyiS; 
whereas the reaction becomes a normal one, assuming the 
formula to be Ag. CyjSj.. Unsatisfactory as it is at first sight, 
the hypothesis of the reduction of the oxides by means of acids, 
further gives an explanation of the behaviour of many acid.s 
which exhibit a higher capacity for saturation towards silver 
oxide than they do towards soda, although the latter is endowed 
with more strongly basic properties. 

Finally, Liebig points out that by the assumption of the 
hypothesis of Dulong, the grouping of the hydrogen acids and 
of the oxygen acids into one class, which is almost enforced 
by the similarities in their reactions, is attained. Thus lime 
always gives up the same cjuantity of water no matter whether 
it is neutraUsed with sulphuric acid or with hydrochloric aci"' 
The mode of explanation then adopted, in accordance wilh 
which the water, in the one case, was present in the acid ready- 
formed, and in the other case was produced during tlie action, 
according to Liebig takes no account of the analogy of the two 
cases. He tries to pull down the barrier, and his words are 
sufficiently significant to deserve a place here.-* 

" We employ, therefore, two modes of explanation for one 
and the same phenomenon ; we are forced to ascribe to water 
the most varied properties ; we have basic water, water of M' 
hydration, water of crystallisation : we observe-its entrance into 
compounds in which it ceases to assume anyone of these three 
forms ; and all this is for no other reason than that we have 
drawn a distinction between haloid salts and oxygen salts, 



"^ Annalen. 26, 179, 
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vhich we do not observe in the compounds themselves ; in all 
heir relations they possess properties of the same kind." 

Liebig then returns to Davy's ideas, and in doing so he 
||tes his views as follows : — ^' 

^g' Acids are, accordingly, certain compounds of hydrogen, 
^which the hydrogen can be replaced by metals. 

" Neutral salts are those compounds of the same class, in 
rhich the hydrogen is replaced by the equivalent of a metal. 
Those substances which we at present call anhydrous acids, 
cquire the property of forming salts with metallic oxides, for 
be most part, only on the addition of water ; or they are com- 

Kids which decompose the o.\ides at a high temperature. 
' On bringing together an acid and a metallic oxide, the 
■ogen is separated, in the majority of cases, in the form of 
rater. It is a matter of complete indifference for the constitu- 
ion of the new compound, in what manner the formation of 
bis water is conceived ; in many cases it is formed by the 
eduction of the oxide j in others it may be produced at the 
xpense of the elements of the acid — we do not know which. 

" We only know that, without water, no salt can be pro- 
.uced at ordinary temperatures, and that the constitution of the 
alts is analogous tci that of the hydrogen compounds which we 
all acids. The principle of the theory of Davy, which must 
le especially kept in sight in criticising the theory, is that he 
lakes the capacity of saturation of an acid dependent upon the 
ydrogen or upon a part of the hydrogen which it contains ; so 
hat, if the other elements of the acid, collectively, are called the 
adical, the composition of the radical does not possess the most 
emote influence upon this capacity." 

These statements are recognised, on the whole, as correct 
«ven at present. Together witli what I have stated above con- 
cerning the polybasic acids, they constitute the basis of our 
news regarding acids. No doubt the characters which dis- 
tinguish polybasic from monobasic acids were considerably 
extended by Gerhardt and I^urent, so that the conceptions and 



*■ Annalen. z6, iSl. 
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definitions assumed a much more fixed and decided form. The 
distinction between the basicity and the atomicity of an acid 
was learned at a still later date, and rules were formulated 
whereby these also can be ascertained numerically. But th«e 
developments fall into a period which is too far removed from 
the one now under consideration for us to be able to discuss 
them here at present. 

It will easily be understood that Berzelius could not share 
Liebig's opinions. To recognise them would have been to 
abandon dualism, the basis of his own theories. It is true that 
the new way of looking at substances was not purely unitary j 
the acids were supposed to consist of radical and hydrogen, 
and the salts, of radical and metal, so that there still existed 
a division into two parts ; but this was in a sense in which 
Berzelius could not admit it. The mode of salt forma- 
tion, as Liebig conceived it, must especially, have been in 
opposition to his views. There were no longer two com- 
pounds of the first order — an electro-positive and an electro- 
negative constituent — which united ; the formation of salts 
consisted, instead, in the replacement of hydrogen. How could 
this be reconciled with the electro-chemical theory, in accord- 
ance with which compounds are only formed by the union of 
atoms one with another ? Hence we find Berzelius also pr"" 
testing 2* against the theory of hydrogen acids, if I may thus 
designate Dulong's ideas. His reasons were not sufficient) 
however, to dissuade the greater number of chemists frot" 
adopting this theory, and on this account I shall not enter Bio'^ 
minutely into the matter, but shall again turn to the facts which 
were to lead to a unitary system. I refer to the phenomena °' 
substitution, or to the replaceability of hydrogen by electrO" 
negative elements. 

Besides Dumas and Laurent, Regnault and Malaguti v^"-^ 
especially engaged in the investigation of this subject. The 
results obtained by these chemists — the theories of Laurent, ^ 
well as Liebig's views concerning acids — had not been witbo** 

■■" Berzelius, Jahresbericht 1839, 264 ; Annalen. 31, I. 



CTUREIX.] HISTORY OF CHEMISTRY. 163 

fluence upon Dumas. An extremely interesting discovery, 
Uch he makes in 1839, obliges him to expound his views at 
is time with respect to substitution ; and also to retract, 
irtially at least, the statements previously advanced and to 
bstitute in their place new ones of far greater significance. 
I this way, from the empirical rules of substitution, the theory 

types arises. 

By the action of chlorine, in sunlight, upon acetic acid, Dumas 
id obtained a crystalline substance whose composition could 
'. expressed by the formula CiClgHjO^,^ and which could, 
erefore, be regarded as acetic acid, C4HjO«, in which six 
oms or volumes of hydrogen were replaced by six atoms of 
ilorine.2« The interesting and important part of this reaction 
y in the properties of the new compound, which Dumas called 
>loracetic acid. This acid had the same saturating capacity 
i acetic acid,, so that Dumas was able to assert that by the 
itrance of chlorine in place of the hydrogen, the chief character 

the compound was not altered ; or, as he expresses himself, 
that in organic chemistry there are certain types, which persist 
'en when an equal volume of chlorine, bromine, or iodine is 
itroduced into them in place of the hydrogen which they 
intain." 

It will thus be seen how Dumas, in consequence of his dis- 
3very of chloracetic acid, is led to the same point of view 
Wchhad alreadybeen taken up by Laurent, butwhich the former 
^ at first put aside as extending beyond the limits of fact.*" 
t is, however, an injustice to Dumas to represent his theory of 
'pes as merely an application or perhaps an expansion of 
•aurent's ideas. Laurent was a clever speculative thinker ; but 
* did not hesitate to state a hypothesis for which a complete 
■^•entific proof could not, at the time, be adduced, and this, I 
aink, was the case with respect to his views concerning sub- 
tttution. That this, at least, was the impression made upon 
"s contemporaries is to be seen from Liebig's criticism of 

, In the French papers Dumas retains the atomic weight C=6. 

Aniuien. 32, 101. " Comptes Rendus. 6, 689. At that period P 
^M Laurent's theory an extension of bis ideas which did ncA 
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Laurent's theories.-'' The facts were still wanting, which showed, 
in a definite and decisive manner, the analogy between the 
original substance and the final product. Our science cannol 
advance by means of ideas alone : it in only when an opinion 
is called forth, and to a certain extent necessitated, by experi- 
ment that a further development is involved in it. It was not 
Dumas' position and name alone that now procured favour 
for the theorj' which, a year before, had scarcely been taken 
notice of. The chemists of that ])enod had no such respect for 
authority. The discovery of chloracetic acid lies between the 
promulgation of the nucleus theory and that of the theory of 
t)'pes ; and even if "a theory can be made up of words "still, 
in chemistry, greater value is, fortunately, placed upon a decisive 
experiment than upon daring speculations. 

An analogy between acetic and chloracetic acids could not 
remain unobserved ; and especially after Berzelius, who had his 
reasons for not admitting any similarity between them, had 
given prominence to their differences ; and, with a certain 
amount of irony, inquired for their kindred relationships.' 
Dumns shows the reactions which they undergo by the in- 
fluence of potash, and points out their similarity.^" 

We have — 

CiHiCljO^ = CA + CaH,Cl, 
CjHjH,0, = C,04 + C,H.,H,. 31 

Besides carbonate of potash, there is formed, in the one 
case, marsh gas, and in the other, chloroform ; i.e., two sub- 
stances which again exhibit the same difference in comfwsitiorii 
the one from the other, as the two acetic acids do ; and ol 
which the latter, as Dumas also particularly shows,*" can * 
obtained from the other by the action of chlorine. 

By the discovery of trichloracetic acid a basis is furnisher 



^ Aiinalcn. 25 
** Annalen. 33, ijg. 



™ Berzelius, Jahrcsberichl 1840, j67 



etc 



„... jj, .,y. ■" This laller reaction appears Ici have been '"^' 

cuvered previously by Persoz (Inlroduclion a. I'Eludc de la Chimie wol'' 
culaire), as was pointed out by Pelouze and Milloti (Annalen. 33> '° '" 
*■ Annalen. 33, 187 and 275. 
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which Dumas erects his theory of types. '^ Thtis , accprd- 
o him, all substances w hich cont ain the same number o f CTS. u..^,^. 
ulen ts combi ned in the same way, and of which t he chi ef ^ . 
icters are similar, F elong to the.^a.rne chemical typ e. /(L!ij^,vju^kjt 
e are, for the most part, compounds which can be obtained 
"gneano th er by very simple reactions^ such as acetic .g.cid. 
chloracetic acid; chloroform, bromoformj..an(i. iodoforiB ; 
ene and the products arising from it by substitution by 
IS of chlorine. 

Dumas thinks he has found, in the conception of the 
lical type, the basis of a new classification, which includes . '^oamX*^ 
recently observed facts ; but he employs, at the same time, / / tv' 
molecular type introduced by Regnault,** which he calls ^AtM/'t'^^^ 

the mechanical type . To this type the following com- "fl. A , 

ids belong : — '/ 

Marsh gas CjHjHe Ai//t\-<^vt£-- 

Methyl ether QO H, * 

Formic acid C,H,0, 

Chloroform C2H,C1, 

Chloride of methyl - - - - CjCljH, 

Chloride of carbon - - - - CaCljClj 

These substances, which may be regarded as arising by 
titution from one another, and which may possess very 
rent properties, are classed in one natural family. The 
t of view which led to the establishment of Regnault's 
s, is a much more comprehensive one than that from 
:h Dumas was induced to advance his chemical types ; the 
tances embraced" under the latter heading constituting 
jly a subdivision of those which must be classed under the 
t mechanical type. Dumas also sees this clearly, for he 
.86 KQjj every occasion when a substance undergoes 
ige without quitting its molecular type, it is changed in 
rdance with the law of substitution. On every occasion 
n a substance passes, on undergoing modification, into 

Annalen. 33, 259; 35, 129 and 281 ; 44, 66. ** Ibid. 34, 45. 
id. 33, 279. 
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another molecular type, the law of substitution is no longer 
adhered to during the reaction." And further: "Alcohol, 
acetic acid, and chloracetic acid belong to the same natural 
family ; acetic acid and chloracetic acid to the same species." 
It may therefore be said that, so far as the idea goes, mechani- 
cal ty pe and nucleus amou nt to the same thi ng ; both comprise 
the substances wKich arise from one another or which can, at 
least, be looked upon as arising from one another by equivalent 
substitution. 

Dumas, as may have been observed, has now arrived at the 
opinion that his law of substitutions is not applicable to all 
reactions, and that an equivalent of another element is not 
always taken up even for the hydrogen removed. He is all 
the more obliged to admit this, since he now no longer assumes 
the existence of ready formed water in organic substances 
(alcohol, for example**) whereby his second rule ceases to 
hold.'" He is obliged, in consequence, to recognise, and he 
does it explicitly, that the phenomenon of substitution is not a 
general one ; he even finds in this one of its most essential 
features. ** 

While he thus limits the apphcability of the law of substi- 
tution, the validity of the law in another direction is enhanced. 
It is not only the hydrogen of an organic substance that can. 
according to Dumas, be replaced, but all the elements which 
it contains. True substitution of the oxygen, of the nitrogen, 
and even of the carbon may be accomplished ; ** and these 
elements may be replaced, not only by others, but also by 
compound groups such as cyanogen, carbonic oxide, sulphurous 
acid, nitric oxide, nitrous acid, amide, etc. The assumption 
of the replaceability of carbon, which at that time met with the 
most vigorous contradiction as a silly hypothesis, and was, in 
Germany, made the subject even of ridicule,*" was a conse- 
quence of the experiments of Walter*i who had obtained sulpho- 
camphoric acid by the treatment of camphoric acid with 

*■ Annalen. 33, 261. "' Compare p. 141. * Annalen. 33, 2^ 

» Ibid. 33, 269. *» Ibid. 33, JciS. *^ \U«l. ■j^, V)- 
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sulphuric anhydride, carbonic oxide being evolved. Dumas 
regarded this acid as camphoric acid in which one atom of 
carbon was replaced by the group SOj. 

If the conception of the molecular type is regarded in its 
widest sense, it may be said that this idea of Dumas as to the 
replacement of carbon, was wholly justified by subsequent 
experiments. Wohler has pointed out a substitution of carbon 
by silicon;*^ and by means of reactions quite analogous to 
those employed for converting a hydrocarbon into the corre- 
sponding alcohol, Friedel and Crafts have transformed etliyl 
silicide into silico-nonyl alcohol which, as the name indicates, 
they look upon as nonyl alcohol in which one atom of carbon 
is replaced by one atom of silicon.''* More recently, silicon 
compounds have been discovered which are not only to be 
regarded as analogous to certain carbon compounds, but which 
behave in a manner similar to the latter. This is particularly 
the case with triethyl silicol.** 

I may also remark here that the view of Dumas concerning 
the replacement of carbon was in contradiction to the nucleus 
theory of Laurent, and rendered difficult the classification of 
organic substances according to the rnim\)er of their carbon 
atoms. The ideas of the two chemists approach each other 
more closely as regards the conception of the radical than as 
regards its composition. J)umas now expressly slates sJuU-ihat 
the radical is not an unalterable group, but that in it, just as in 
all compounds, Ifie af6friS"afe replaic^blc l/y others, (Jcrhardt 
had, however, advanced similar views two years ear1i(,f, nn<] w« 
shall, therefore, have to deal fully with this (x^int afterwards in 
another lecture. 

The first, and probably the mr/st imp<'>Ttant <^>Tt<i*'/]wrti,<; of j 
the theory of types was that it demanded a unitary m'>'U; (>f I 
regarding substances. The comp<>und wa.* no k>TiX'T Vt \y 
regarded as consisting of two part*. It ';oristifiif'''^t, t>ithir, » 

■** .Annalen. lay, 268. • Cym^en f(«TK-liw, til, TfX ; Mv, \t,M]t-<,. 
138, 19; compare (atrbet frieriei atwl lju\ni\*>tz, ,\t,(.'^Uti . 14^ nH', 
145, 174 and 179; 147, 355; %xA 0>mf.fes k<>n<-his. (A, ^r6. " ^M'Utf 
burg, Annalen, l6f, joo. 



1 68 



HISTORY 0I-- CHEMISTRY. 



[LECTURE IX. 



uniform whole, which might undergo change from the fact that 
one atom could take the place of another. Dumas compares 
it with a planutar>' system ; the atoms here represent the indi- 
vidual planets, and they are held together by affinity instead of 
by gravitation. The atoms in this system can be replaced by 
others : so long as the number of the equivalents and the relative 
positions of the atoms are preserved, the system is unchanged 

According to the theory of types, the properties of a com- 
pound were affected far more by the arrangement than by the 
nature of the atoms ; and this doctrine whicli Dumas now 
defends as confirmed by experiment, leads him to an attack 
upon the electrochemical theory. This is how he expresses 
himself :— " 

" One of the most immediate consequences of the electro- 
chemical theory is the necessity of considering all chemical 
compounds as binary substances. It is necessary to find out, 
in every one of them, the positive and the negative constituents, 
or the groups of particles to which these two distinctive char- 
acters are ascribed. No view was ever more fitted to retard 
the progress of organic chemistry." And in another place ; ** 
" In general, when the substitution theory and the theory of 
types assume similar molecules, in which .some of the elemenls 
can be replaced by means of others without the edifice be- 
coming modified either in form or outward behaviour, the 
electro-chemical theory splits these same molecules, simply and 
solely, one may say, in order to find in them two opposite 
groups, which it then supposes to be combined with each 
other in virtue of their mutual electrical activity." 

Dumas does not deny the influence of electrical forces 
upon chemical reactions. On the contrary, chemical a"'' 
electrical forces might, according to him, even be identicai. 
What he attacks is the electro-chemical theory of Berzelius, m 
accordance with which hydrogen is supposed to Ibe alwa)'* 
positive, and chlorine always negative. He Relieves that m 
the formation or decomposition of compounds he can recognis* 



" Annalen. 33, 291. 
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^He action of electrical forces ; but what he declares to be ^M 

erroneous, and irreconcilable with the phenomena of substi- ^M 

tution, is the assumption that the electrical state of the atoms ^M 

is unchanging. ^M 

The fatal moment had now arrived ; it was a question of ^M 

defending dualism, and the electro chemical theory, which was ^M 

in the fullest agreement with it, and which had prevailed, ^M 

almost unattacked, for nearly twenty years, against the views ^M 

that had been stated in opposition to it. Ways and means ^M 

had to be devised whereby the newly-discovered facts with ^M 

respect to substitution could be brought into harmony with the ^M 

electro-chemical ideas. ^M 

Rl Before the storm actually broke, Berzelius had perceived ^M 

e threatening clouds gathering about him, and had taken ^M 

lii.s precautions. As soon as Laurent had assumed, in his first ^M 

papers, that the hydrogen of the nucleus {or fundamental ^M 

radical) could be replaced by chlorine, Berzelius, quite cor- H 

rectly perceiving the danger to his theories which such views H 

might possess, repudiated energetically the statements of H 

l^urent.''" The entrance of electro-negative elements into H 

ticals is put aside as an untenable hypothesis ; and even the H 
gen radicals, which he had greeted with so much pleasure 
a few years previously, are discarded. This assuni))tion is, 
according to Berzelius, " of the same kind as that which would 
regard sulphurous acid as the radical of sulphuric acid, and 

manganese peroxide as the radical of manganic acid. An /p ; 
oxide cannot be a radical. The conception of the word radical 
is such that it represents the substance which, in an oxide, is 

combined with oxygen." ^M 

• Berzelius now only recognises radicals which contain carbon ^M 

d nitrogen, carbon and hydrogen, or carbon, nitrogen, and ^M 

hydrogen. ^M 

^_ Sulphur "cannot enter into the composition of a radical ^M 

^hy more than oxygen can." "The ternary radicals" must ^M 

tnerefore be regarded " either as compounds of a binary sub- ^| 



*' Berzelius, Jahresbcricht 1839, 358, 



siihManrjBt' * 

T'ait s<&:a. C^, » a'.«r tGinsrnnHsi rnt 3ess Bt t!se com- 

C^^j, *3Kurjt »:C3. •nanpc-ni idif. imngEiipie peaiide,aiKi 

*'-jM-i/H ii'fxarJu: «id - - lIcO, >l£a$mk acid. 
C^H^it B^ns'>7'I MaO^ Maotpmee peroxide. 

C^j. - Mn Mai^iifsf* 

Ktrzidiiffift Ksx&i beaajfi chjoride ^ snmlar to duomyl 
"JUifjnif^ adfjpdn^ fcr the farrer the fommla of H. Rose." He 
vims: 

zCiQj-rCiCl, - - - ChiomTl iiikiride. 
2Q»HMlO,+CiJiaP« - Bcnroji chloHde. 

Qoite analogous with this, is the fonnula of phosgene, which 
Mitwtanci; Dumas regarded as carbonic add in which one atom 
of oxygen is replaced by two atoms of chlorine.'' 

Berzelius writes CO, + CC1«, Phosgene. 

At this time Berzelius is putting dualism more prominently 
forward than ever, and in his view, these formulae are entirely 
jiMtified. " Since, in accordance with our present views, the 
force* which bring about chemical combinations do not act 
Ixrtween more than two substances of opposite electro-chemical 
tendencies, all compound substances must permit of being split 
into two constituents, of which the one is electro-positive and 
the other electro-negative. "^^ 

In consequence of these views, all substances which, besides 
(:arl>on and hydrogen, also contain oxygen, chlorine, bromine, 
or Hulphur, break up into several parts which often appear to 
h(! chosen (juite arbitrarily ; further the atomic weight is fre- 
(lucntly doubled or trebled, so that the subdivision into binary 

*• Annivlvn. 31, 13. *" Compare also Berzelius, Lehrbuch. Third 

JCililioii, 6, aos- "" I'ogg. Ann. 27, S73- " Dumas, Trait^, I, 4«»- 

" Ammlen, 31, 12. 
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radicals may be carried out. Highly complicated formulae are 
thus obtained, of which I can only instance a few : 

Malaguti's chlorinated ether : 

C4H,0,+ 2C4H.C1..»'' 

Malaguti's chlorosulphuretted ether : 

(C^HA + 2C4H,C1,) + (C.HA + 2QH^,) etc.5« 

His conception of chloracetic acid is very important as we 
shall find further on ; he regards it as a compound of oxalic 
acid with chloride of carbon : 

QCI, + C,0, 
whilst acetic acid remains as the trioxide of the radical acetyl, 
C4H, or C4H3. Even in 1840 he still contests the similarity in 
the constitution of the two compounds, and does not permit 
himself to be shaken in this by their analogous behaviour with 
potassium hydroxide.^' 

This view was not long tenable, however, in face of the 
constantly increasing number of substitution products, very 
many of which exhibited unmistakable analogies with the 
original substances. When Melsens succeeded, in 1842, in 
reconverting chloracetic acid into acetic acid, by treatment with 
potassium amalgam,'* and thus proved that chlorine can be 
replaced by hydrogen again so that the original substance is 
reproduced, even Berzelius was compelled to make an admis- 
sion. He says:*" — "If we recall to memory the decomposi- 
tion of acetic acid by means of chlorine with formation of 
Chlorkohlenoxalsaure (chloracetic acid), another view as to 
the composition of acetic acid presents itself as possible. In 
accordance with this view it would be a coupled '"'* oxalic 
acid whose copula is QHj, as the copula o? tfie Chlorkohlen- 
oxalsaure is CjClj ; consequently the action of chlorine \\\Km 
acetic acid would consist in the conversion of the t,(t\i\\\i\ 
QH, into QCV" 

*• Berzelius, Jahresbericht 1840, 375 ; h«re alv. V^iiAw. ttill t»rifc< 

H instead of H,. " Annaleiu JI, %%y, yt, 7*. " ftn'l. ^. ;<({. 

" Ann. Chim. [3] lO, 233. '" I^hrhnich. Fifth V/WU'/ii, I, ^(/> ;ifi'l 7'/<. 

's Be rzelius here emplo ya a word that ha^l Hieen intri'i'lu':'-'! ir)t'> ffi'- ^vw* 

■ by Gerhardt. 
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Perhaps Berzelius did not notice that he had thus conceded 
the chief point in the theory of substitution which, a few ye^is 
before, he hiad vigorously contested. Chlorine could replace 
the hydrogen of the "copula," and the constitution of the 
compound was not essentially altered thereby. Berzelius now 
wrote : 

C,0, + QCl, Chloracetic acid. 

C,0, + C,H, Acetic acid. 

Was a fundamental principle of the electro-chemical theory 
not violated by this concession ? I think it was. It *»* 
now necessary to assume either that forces different from the 
electrical forces were present in the copula, or that the electri- 
cal properties of the elements are altered in the compound; 
and both of these assumptions were much at variance with the 
former ideas of Berzelius. 

The substitution theory had thus come off victorious. 
Berzelius, it is true, never admitted his defeat, but, as a matter 
of fact, he had given in. The electrochemical theory w*^ 
now abandoned. In its last throes it had produced the idea of 
copulae : had these latter any vitality ? At first it did not seem 
so ; they were looked upon as the idle invention of a wearied 
intellect. With this I partly agree ; but they still possessed a 
spark of life, otherwise they would not have been capable of 
development, and it would not have been possible even 'OT 
a man like Kolbe to advance them to what they afterwards 
became. 

This subject will be dealt with in a subsequent lecture. 



LECTURE X. 

XENXE OF THE SCHOOL OF GMEI.IN — THEORY OF REStDtTES— 

Coupu;d Compounds — Gerhardt's Determination of Equiva- 
lents — Distinction of Atom, Molecule, and Equivalent 
BY Laurent — New Characteristics of Polybasic Acids- 
Molecules OF THE Elements. 

I battle was over, and the victory won. It had been shown 
, starting from the decompositions which substances undergo 
er the influence of the galvanic current, we are not in a 
tion to explain the manifold reactions of organic chemistry, 
in particular, the phenomena of substitution. The founda- 
s had been shaken by the fact that positive hydrogen was 
aceable by negative chlorine, and the whole edifice — the 
tro-chemical theory — collapsed. Organic chemistry had 
wn that laws which had been advanced without reference 
he facts that it presented, did not harmonise with the teach- 
■■ of these facts. It was now a question, however, as to 
ther organic chemistry could also render any positive ser- 
— whether it would be possible, starting from the facts 
■h it had already furnished, or which it would furnish in 
"uture, to establish new principles that might serve as the 
> of a chemical system. 

f he way of looking at substances from the clectro-chcmiral 
t of view, and dualism also, were maintained in the case cjf 
;anic compounds. In order to do thLn, a sharp distinction 
een the latter and organic comfwunds became necessary 
tiat it might be possible to apply a dw,trinc to inorganic 
pounds which had proved inapplicable to organic t, „ ' 
ids. If this doctrine was to be completely supplanttd 
aver, and if organic chemistry was to enjoy the fruits of \s\ 
>r)-, it was necessary that this younger Inanth o( \V\e vest 
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should offer to the opposing party definite principles upon 
which it might be reconstructed. It was not in a position to 
do this at first, since, up to this time, more attention had been 
paid to overthrowing the old system than to building up a new 
one. It is true that endeavours were made on various sides to 
embrace all organic compounds in one uniform conception. 
The radical theory, the nucleus theory, and the theory of types 
had arisen, and each had its supporters ; but the very fact of 
there being so many views, proved the insufficiency of any of 
them. We find, then, a great deal of confusion ; the adherents 
of the different systems were in continual strife, and a becoming 
demeanour was not always maintained. 

Consequently, it is difficult to say which were the prevailing 
ideas at the beginning of the fifth decade of the century. Even 
the views as to the principles of each mode of regarding con- 
stitution were widely at variance from one another. The school 
of Gmelin had greatly augmented its adherents, and to the latter 
the atomic theory appeared too hypothetical. We cannot be 
surprised to find that chemists now begin to lean more and 
more in this direction, since even the expression "atomic 
weight " is gradually supplanted by the " equivalent," and the 
latter is employed, as it had been by WoUaston, in the sense 
of combining weight.^ Upon the overthrow of the system of 
Berzelius (that is to say, of the only system which, in any 
uniform sense, embraced the whole science), and with the 
origination of the most various hypotheses and theories, which 
were not capable of any general application and did not seem 
to have any promise of a long existence, there arose in the 
minds of many a certain aversion to all speculation, which was 
looked upon as premature and hurtful to the science. Nothing 
was in keeping with the times except the temperate considera- 
tion of observations, and Gmelin was the right man to represent 
a tendency of this kind. He united boundless industry with 
wide knowledge, and he understood how to turn both of these 
qualities to account in his Hand-book. In adducing facts 

' Compare Liebig, Annalen, 31, 36. 
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completeness and conscientiousness were his watchwords, and 
these were adhered to. 

Since formulae, for Gmelin's school, merely represented the 
composition of substances by means of a contracted style of 
writing them, these chemists were at liberty to choose their 
" equivalents " or "combining weights" at will from the pos- 
sible multiples. The guiding principle appeared to them to be 
simplicity in symbolising, and therefore their numbers possess 
little real significance as regards development. I shall merely 
remark that they adopted the formulae of Berzelius for most 
compounds, and, in doing so, they regarded the double atom 
as an equivalent. They arrived at this by halving the atomic 
weights of oxygen, sulphur, carbon, selenium, etc., with refer- 
ence to hydrogen, chlorine, bromine, iodine, nitrogen, phos- 
phorus, and the metals. ^ 

It must not be supposed, however, that, at the beginning 
of the forties, the atomic weights of Berzelius were no longer 
used. On the contrary, they were still employed by Liebig and 
his numerous and important followers,' and it was only towards 
the end of the decade (after the appearance of Gerhardt's paper) 
that the latter also made use of Gmelin's equivalents. I have 
already indicated in a previous lecture what the reasons were 
that brought about this revolt from the atomic theory.* Although 
I said there that none of the physical rules which expressed 
relations between the atomic weight and certain properties of 
matter, appeared capable of general application, on the other 
hand, the law which had induced Dalton to advance the atomic 
theory, that is, the law of multiple proportions, was still un- 
attacked. The examination of numerous organic compounds 
whose investigation was already completed, had only tended to 
confirm it. No doubt, it had become necessary to admit that 
a much larger number of atoms can unite with one another 

" Compare Gmelin, Handbuch. First Edition, 34. At this time Gmdin 
also halves the atomic weight of phosphorus, and so writes phosphoric acid 
P/),„ as Berzelius did. ' The sign for the double atom is not employed 
in Liebig's Annalen, and HjO is therefore printed instea<l of HO, as LieJ>i-- 
observes from want of the necessary types. * Compare p. xo6. 
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than either Dalton or Berzelius had considered possible, ami 
the law had, on this account, obviously to some extent lost its 
definite character. Even at that time the question might have 
been asked, whether the statement could be called a law, since 
chemists were not in a position to determine anything as to the 
limits of the power of combination of atoms ; and also whether 
every compound could ultimately be referred to unvar)ing 
weights of the constituent!;, if any large multiple might be 
chosen at will. Ideas of this kind do not appear, however, to 
have arisen at thai period,^ and so there always remained this one 
generali.sation for those who tried to retain the atomic theory and 
to advance speculations as to the constitution of compounds. 
Amongst these, Dumas had in the recent years played the most 
important part, by founding his theory of types. In this theory, 
which was, no doubt, partly borrowed from Laurent, there was 
much that was eminently suited for a classification of organic 
compounds ; but still the use of it was only recognised more 
generally after its fusion with the radical theory, that is, after 
radicals had been introduced into the types. This could only 
take place after the conception of the radical had been com- 
pletely transformed, and it is now my business to show how 
and by whom this development was brought about. 

On studying the writings of the founders of the radical 
theory, one might be tempted lo assert that it was they wlio 
not only established the conception of the radical in its first 
signification, but that, at the same time, they had also done 
the most important service in respect of the subsequent 
acceptation uf the word. Thus, the following passage frow 
Berzelius is noteworthy : — ^ 

•' We shall assume that, by means of any circumstance 
whatsoever, we could clearly see the relative position of ih^ 
simple atoms in the compound atom of the salt [sulphate of 
copper]. It is clear that, whatever this may be, we should 
then find in it neither oxide of copper nor sulphuric acid, fc 



' Compare, however, Beraelius in Liebig's Annalen. 31, 
Dumas, ibid. 44, 66. ' Jahresbcrichl 1S35, 348. 
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the whole is now a single coherent substance. We can picture 
to ourselves . . . the elements in the atom of the salt as 
coupled together in various ways ; for example, as one atom of 
^^sulphide of copper combined with four atoms of oxygen, that 
^■is to say, as the oxide of a compound radical ; as one atom of 
^*binoxide of copper and one atom of sulphurous acid ; as one 
atom of copper and one atom of a salt-former, SO4 ; and, 
finally, as one atom of oxide of copper and one atom of sul- 
phuric acid. So long as the simple atoms remain together, 
I one of these notions is as good as another. If it is a question, 
however, of the behaviour when the compound atom is decom- 
posed by electricity, or by the action of other substances (in 
the wet way for instance), then the relation is quite difierent. 
The compound atom in that case never undergoes decom- 
position in accordance with the first two views, but it does 
according to the two latter. The copper can be exchanged for 
L , other melals according to the view CU-1-SO4; but if the copper 
P^s taken away without being replaced, as is the case by the action 
of electricity, then that part of the atom of the salt which 
remains over, breaks up into oxygen and sulphuric acid. If, 
on the contrary, the salt of copper is decomposed either by a 
very feeble electrical force or by means of other oxides, into 
oxide of copper and sulphuric acid, both of these remain after- 
■wards, and from them the salt can be compounded again. There 
^^must naturally be a reason for these circumstances, and the reason 
^hcan scarcely be other than this, that when sulphuric acid and 
^ oxide of copper unite to form a compound atom of the salt, the 
relative positions of the atoms in the united binary substances 
do not materially change, and the latter can thus be combined 
or separated as often as is desired. . . . From this, howevtr, 
it easily follows that in decomposing to form other binary com- 
pounds of the elements, the atoms must undergo a trans- 
^^ position of their relative situations, so that their capacity for 
^■combining anew is either diminished, or, as is usual, ceases 
^^cntireiy. Nitrate of ammonia, which is decomposed into nitric 
acid, ammonia, and water, and is recompounded from these, 
can be decomposed by heat into nitrous oxide a.ud '«3.\.e.\, 

M 
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without our afterwards bdng able to recompound it from these 
substances. The reason for this fact must be that, in the latter 
mode of decomposition, the atoms of the elements are trans- 
posed into other relative situations which are obstructive to 
their reuniting." 

These ideas are as clear, as imptartial, and as unprejudiced 
a» <:ould possibly be desired. The same holds also for the 
following statements of Liebig : " 

" A theory is the explanation of positive facts, which doK 
not permit us, from the behaviour of a substance in various 
modes of decomposition, to make deductions backwards as to 
JtH constitution, with conclusive certainty, simply because the 
products vary with the conditions of the decomposition. 

" Each view as to the constitution of a substance, is true 
for certain cases, but unsatisfactory and insufficient for others." 

Even if I also admit that the principles of the newer radical 
theory are expressed in these statements of the two great 
tuiichers,* still it would appear to me presumptuous that any 
one should declare the latter, on this account, to be the authors 
of the views which are now to be discussed. By their activity 
in other directions in the domain of theoretical chemistry, they 
have shown that, with them, the radical is a definite, unchang- 
ing group, and that they only considered a single view as to the 
constitution of compounds to be admissible. I would recall 
the numerous discussions regarding the conceptions of alcohol 
and its derivatives. Would these have been possible if opinions 
such as those quoted above had been guiding and predominiuit 
ideas with Berzelius, Liebig, and Dumas ? Prior to the dis- 
covery of the phenomena of substitution, this certainly ws 
not the case. In treating of Berzelius and of Dumas, we have 
already discussed the influence which these facts exerted up"" 
the conception of the radicals. We have still got to consider 

" Annalen. 26, 176-177. ' Thus Gcrhardt, for example, begins th' 
exposition of his theoretical views by directing attention to the vani'l* 
forniulLTi; that are imssihle for sulphate of baryta ; th-it is to say, headciucts 
considerations quite similar to ihose fjuoted al)ove as advanced bjf BW' 
telius. See Uerhardt, Tiaite dc CKxm'vc. 4^, ^6\. 
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jebig's relations to them. His opinion concerning Laurent's 
lucleus theory must not guide us litre. The discovery of 
richloracetic acid had not been without effect upon him also, 
nd he not only admits the replaceability of hydrogen by nega- 
ive elements, but he also agrees with Dumas in his views 
especting these facts. This is seen from the following:'-' 

" The remarkable observation has been made in inorganic 
;hemistry, that the manganese in permanganic acid may be 
eplaced by chlorine without altering the form of the com- 
lounds which permanganic acid can produce with the bases. 
There can scarcely be a greater dissimilarity in chemical pro- 
>erties than that between manganese and chlorine. . . . 
Ilhlorine and manganese can replace each other in certain 
lompounds without alteration in the nature of the compounds. 
'. do not see why a similar behaviour should be impossible 
vith other substances — with chlorine and hydrogen, for example, 
md this very view of these phenomena, in the form in which it 
»as been advanced by Dumas, apjiears to me to furnish the 
ley to most of the phenomena of organic chemistry." 

Dumas, it is true, goes too far for him. Liebig will not 
idmit, for example, the replaceability of carbon, and he prints 
n his journal the well-known letter of S. C. H. Windier '"which 
naJces sport of Dumas in a somewhat harsh manner. However 
his may be, it might appear from these statements that Liebig 
lad materially contributed by his views to the further develop- 
■nent of the radical theory. This is not my belief, and I find 
support for my view in a paper on the theory of ether, which 
ne published in the year 1839." Liebig here endeavours 
.0 solve the difficulties of the question as to the constitution of 
ilher, by the assumption of the radical acetyl ; and, in doing 
5o, he proves to us that radicals, with him, still retain their old 
signification. The whole plan of his Hand-book also shows the 
same thing.'- 

B Annalen. 31, 119, Note. '° Ibid. 33, 308. " 

TOipare p. 137- " See Licbig's Handbuch der *" 
[184^), es]iocially Z, I etc. 
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In my opinion, the labours of Laurent and of Gerbardt 
chiefly contributed to make the radical what it still is. l^urent, 
liy a<lvaiuing the nucleus theory, emphasised the variability of 
the radicals, a matter that was afterwards brought forward by 
Dumas also."' But it was Gerhardt who first indicated the 
possibility of the assumption of two radicals in one compound, 
,irid thereby destroyed all idea of the actual existence of sepa- 
rated groups. It is with the history of this part of the develop- 
ment of organic chemistry that we are now concerned. 

The influences of his gifted teacher, I^iebig, can scarcely 
fail to be observed in (lerhardt's earliest publications. We are 
aware that Liebig contests the presence of water in the acids. 
By a very hap[>y extension of the idea, Gerhardt negativ es the 
pre-existence of water in the majority of organic compounds. 
Its presence iu alcohol, especially, appears to him ju-st as 
unlikely as that of ammonia in the substances containiog 
nitrogen from which ammonia is evolved by means of potash, 
He knows that there is a class of substances of simple com- 
])osition and of extraordinary stability, such as water, carbonic 
acid, hydrochloric acid, and ammonia, some of which are pro- 
duced in almost every organic decomposition, without, howevtr, 
our being able to recom|)ound, from these substances, the sub- 
stances originally decomjiosed.'* 

The formation of one substance out of another was not, 
with Gerhardt, any ground for the assumption that the fiRJ 
was present in the second, ready formed : substances do not 
require to contain any water in order that water may bi^ 
separated from them in certain reactions. The reason forthfi 
frequent formation of water and similar substances is to be 
found in their stability, and in the great affinity which their 
constituents possess for one another. Now this view was of 
essential significance, and it led Gerhardt, in 1839^ to the 
theory of residues and of coupled compounds."" He says 
that when two substances react upon each other, an element 



" Compare pp. 146 and 167. " J. pr. Chem. 15, 37. '° *°''' 

Chiai. [2] 72, 1S4. " Coinptes Rcwdvis. 3q, 1031. 
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hydrogen) separates out from the one, and unites with an 
:lenient (oxygen) from the other to produce a stahle compound 
water), whilst the residues join together. Mitschcrlich's nitro- 
aenzene''' is to be regarded, according to Gerhardt, as pro- 
luced in this way out of a residue of benzene and a residue of 
nitric acid. The hydrocarbon gives up hydrogen, and the 
litric acid gives up oxygen. Sulpiiobenzide "* is also regarded 
n the same way ; it contains the residues Cj^Hm from the 
benzene, and SO, from the sulphuric acid.'" The SOj in this 
:ase is not identical with sulphurous acid, as the latter occurs, 
"or instance, in sulphite of lead, but it is contained in the 
rompound in quite a special form, namely as a substituted 
group. 

Although this tatter view is a very peculiar one, still it was 
iminently suited to supplant the belief in the pre-existence of 
radicals. The residues were imaginary substances, which were 
ill the more completely deprived of any reality by the fact that 
:hey were assumed to be different from the similarly composed 
Uomic groups which occurred in the free state. 

About two years later (in 1841) Mitscherlich-^" propounds 
similar ideas, which, however, he extends to a much larger class 
of substances. According to him, also, compounds do not 
Contain any ready-formed radicals which play the part of 
elements in decompositions ; in the appearance of water, he 
sees the reason for the observed direction taken by decom- 
positions ; and therefore he does not seek for this reason in 
the constitution of the substances employed. The products 
Which are obtained by the action of acids upon bases or 
alcohols (salts and esters), are likewise considered from this 
point of view, and it is shown that they decompose again into 
their constituents by taking up water. 

The idea of the residues was well adapted to explain the 
phenomena of substitution ; the latter, according to Gerhardt, 
obeyed the following rule.-' The element eliminated is replaced 

'" Fogg. Ann. 31, 625. '" Compare Mitscherlich, Pogg. A 
628. " Dumas' atomic weights : C = 6, 0=16, 8 = 32 etc. • 

Ann. 53, 95. '^ Ann. Cliim. {2) 72, 196. 
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either by :ui equivalent of another element, or by the residue of 
the reacting substance. The afi[>lication of this rule was limited, 
however, for ( Icrhardt, besides substilutions, is also acquainted 
with additions, and these of two kinds. Firstly there are those 
in which the saturating capacity is altered, and the formation 
of salts is reckoned amongst these ; and then there are addi- 
tions in which this is not the case. Gcrhardt directs his 
attention chiefly to the products of the latter kind of addition, 
and calls them couple d co mp ound s {corps copules). To this 
class there belong, mi particular, the substances produced hy 
the action of sulphuric acid upon organic compounds, such, 
for example, as benxoyl sulphuric acid and its salts, discovered 
by Mitscherlich.^- The acid is produced by the action of sul- 
phuric acid upon sulphobenzide. According to Gerhardt, the 
two substances become coupled, whereby the saturating capcity 
of sulphuric acid, which was still regarded at that time a 
monobasic, remains unchanged. Thus : — 

C.j4H,„(SO,) + S08H,0-C.«H„(SO,) . SO, . H,a 

Sulphobenzide. Sulphuric acitl. Hyposulpholienridic add. 

Sulphovinic acid (ethyl sul[)huric acid) is regarded as a 
coupled compound of suljjhate of ethyl and sulphuric acid, 
and is written C8Hio{SO.,)0..,. SO,H.,0 ; whereas sulphobenzoic 
acid, the basicity of which is supposed to be eijual to ihe sum 
of the basicities of its constituents, and in the formation of 
which the saturating capacity has remained unchanged, is 
reckoned amongst the conjugated acids, a class of substances 
which were first distinguished by Dumas.^ It may, however, 
also be regarded as produced by the coupling of a substituted 
benzoic acid, CajH,t,(S0..)04, with sulphuric acid. 

The view announced above with respect to coupled sub- 
stances, is very soon abandoned by Gerhardt. He retains the 
name, but gives it a different signification. But I have inten- 
tionally stated the older notion, because the word was also 
employed by Ber2clius and by Kolbe, who again bestowed a 



"^ I'ogg. Ann. 31, 283 and 6J4. 
66; \nn. Chim. [3] S, 353- 
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special signification upon it. It appeared to me of interest 
to follow the historical course of an expression which has been 
employed in senses so numerous and so varied. 

Gerhardt, in 1843, regards all compounds as coupled which 
are prepared by the action of acids upon alcohols, hydrocarbons, 
etc., and in whose formation the substances unite with the 
elimination of water.^ Coupled compounds were, accordingly, 
no longer addition products, obtained by the union of two com- 
pounds, but they were formed by the joining together of two 
residues. They were, therefore, substitution products — a view 
which Gerhardt, however, does not adopt. With him, they 
still constituted a special class and were not compared with 
the original substances, principally, no doubt, because they 
possessed a different saturating capacity. With respect to the 
latter also, Gerhardt has now become of a different opinion, 
and states that the basicity of the coupled compound is equal 
to the sum of the basicities of the substances coupled, less one. 
Prom this statement, which is advanced as an axiom, the 
dibasic character of sulphuric acid follows. Coupled with 
neutral substances, such as alcohols, or hydrocarbons, sul- 
phuric acid gives rise to monobasic acids, whereas acetic acid, 
nitric acid, hydrochloric acid, eta, do not possess this pro- 
perty, and are hence r^;aFded by Geriiardt also as monobasic. 
In 1845, Gerhardt endeavours to show the general appli- 
cability of the law o( basicity mentioned above,^ He now 
designates as cooided, all compounds which are fanned by the 
union of two sabstances with the elimination of water and 
decompose into tbeir constitiients again by taking up water ; 
and, therefore, be redcoos in this clais, the neotral ethers, the 
add ethers, etc, and fonnahaes the ianr 

where B represents the haidcitj of the coupled campaand, and 
i and 3' the basicities o£ the substarKea which take pa*t in H» 
formatioa. Gerhardt expressly renaaicn here thait this efpmkfh 

pat Loiocat c£ Oabaxiity i%5. t6l. 
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holds only for the coupling of a single equivalent,** anj that the 
equatipn must hf applied twice in order to ascertain the correct 
basicity of the product obtained by the coupling of two equiva- 
lents of one substance with one of another. Thus sulphuric 
acid, for example, which Gerhardt now regards as dibasic, can 
form with neutral substances both acids and neutral products. 
The ether of sulphuric acid belongs to the latter class of sub- 
stances ; it is produced from two equivalents of alcohol and 
one equivalent of acid. Its basicity, B, is obtained from the 
following equations, in which B^ represents the basicity of ethyl- 
sulphuric acid : — 

^1 =(2 + 0)- 1 = 1 

B = {i +0)- I =0. 
Strecker, in 1848, thought he had brought the rules into a 
more general form when he made a statement to the follomng 
effect : — ^ The basicity of the coupled compound is equal to 
the sum of the basicities of the compounds, less one-half of 
the number of hydrogen equivalents removed,-^ or the ba-sicitv 
is diminished by one unit for each pair of hydrogen atoms 
removed. Rut in this way of stating the matter, the same 
result as was required by Gerhardt's rule was, necessarily, 
always obtained. It can only he regarded as a simplification 
(not as a wider generalisation) in which a single application was 
sufficient in all cases. 

Although it was afterwards shown that even this form of 
the law of basicity does not always lead to accurate conclu- 
sions,-" and although the exceptional position which was given 
to certain classes of substances in consequence of the idea of 
coupled compounds, was more recently recognised as incor- 
rect,'" still, it cannot be denied that the assumption of the 
copula played a definite part in the historical development of 

" Gerhardt at that time employed the word equivalent in Gmelins 
sense, so that for us it often means .itom and often molecule. '-'' Annalen. 
68, 51. ^ .Strecker assumes the equivalent of water = 9, compared «illi 
that of hydrogen chosen = :. * Compare Becketoff, Bulletin phys. -mith. 
de r.\cadcniie de St Petershourg, 12 (1854), 369. ** Compare Kete^ 
Annalea. 104, J 30. 
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nistry. In particular, these views led to new chanicterislics 
or the recognition of polybasic acids, and this was of great 
Qiportanoe at that time, when so few of these acids were 
^own. 

B The underlj-ing idea with respect to coupled substances, 
Bat the majority of compounds could be regarded as made up 
*f the residues of other substances, was of ver)- great value for 
he progress of the science, simply because it was opposed to 
he rigidity and immutability of the radicals. How fertile these 
deas were is shown, for example, by the discovery of the 
bilides and the anilid-acids. 

I According to Gerhardtthe amides are to be looked upon as 
^^pounds of the residues of ammonia and of acids ; thus he 
Opposes oxamide to be formed according to the equation :" 

C,H,04+2NH, = CH,0..(NH),+ 2H30 [C=i2, 0=j6], 

hat is to say, by the replacement of two oxygen atoms by 
iW'ice the imid- residue NH. Regarding a similar replacement 
S also possible by means of the residue of aniline, the nature 
r which had been settled by Hofmann's comprehensive and 
^teresting researches,^- and then trying to show this replace- 
ment by direct experiment, he succeeds in prei>aring oxanilide, 
he formation of which is represented by the following equa- 

W C,HA + 2C,H,N = C,H,0, (C.H.N), + 2H,0. 
^e carries the analogy between ammonia and aniline still 
Urther by the discovery of the anilid-acids, which he regards 
s analogous to the amidacids."^ Thus he writes the formula 
'f sulphanilic acid, which he obtains by the action of sulphuric 
•cid upon oxanilide, SHjO, . C,HjN, and, in its existence, finds 
■ new proof of the dibasic character of sulphuric acid. 

It may perhaps seem strange that Gcrliardt introduces the 
esidues NH and C,HjN into these compounds, instead of 



<JH, and C,H,N. 
^urent, who had 



In this he may 
already tried, a 



1 



have been influenced by 
few years previously, to 



" Comptes Kcndus. 20, 1032. ''■' .Vnnalen. 45, 250 ; 47, 37. 
le Pharm. [3] 9i 405 ; lO, S ; coir.pare Annalen. 60, 308. 
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replace the amid- by the imid- group.^ Gerhardt was able to 
associate himself with this conception without involving himseff 
in any further ronsequunces, since his formuL-e did not attempt 
to express the arrangement of the atoms but were only contracted 
equations. They were not intended to represent what the com- 
pounds are, but merely what their nature is and what becomis 
of them : *" they were meant to indicate the modes of formation 
and of decomposition of substances. Gerhardt was the first to 
advance the view that we should not conclude from the decom- 
position products as to the afrafigement ot the aloins, beause 
the latter are set in motion by the reaction.*' AC'fTOTding to 
him, several formula; were therefore possible for the same sub- 
stance, and different residues (radicals) might be assumed in it 
according to the decompositions which it was desired to 
emphasise. In this way the point of the controversy, which 
had been carried on so fiercely and so long, as to the nature of 
the radicals, was demolished. Afterwards, tJerhardt comes to 
employ empirical formulse, which had been recommended by 
Liebig on account of the constantly growing divergences of 
opinion as to rational constitution.''^ Conjointly with Chancel, 
he introduces, in 1851, the synoptic formula, ^'^ which nen:' 
met with any general acceptance because they were incon- 
venient and not easily understood. If the form was new, still 
the idea was simj)ly the old one. This mode of writing fonnuK 
was likewise intended only to represent the formation and de- 
composition of substances, and it too consisted of contracted 
equations. The great advantage of this way of regarding tbe 
matter lay in the possibility of advancing several rational for- 
mula for one substance, whereby new analogies and differeiio* 
made their appearance and gave rise to a large number 01 
investigations.^" 

•* Comptes Rendus. I, 39. ■''' t'.erhardt. Introduction a I'dudeii' 

la Chimic, 184S. "' Coini>are Baudrimont, Comptes Rendus. 'S^S" 



Annalfii. 31, 36. 



' J. pr. Chein. 53, 257. * It may be remul 
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here, in passing, that (lerhardt, a few years later, again replaces iniiii, ""' 
by amid, NIIj, after LaurenI (J. pr. Clieni. 36, 13), in 1844, had adop" 
and sought to establish llofmann's conception of aniline as pheDamid. 
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Gerhardt's activity was perhaps of still greattr importance 
in connection with another question ; that is, with the f ixing of 
t he a tomic and molecular weights. Although the movement 
for the revision of these most important numbers originated 
with him alone, still he was influenced in the further elabora- 
tion of the work by Laurent, with whom he was at that time in 
\ery intimate communication. Indeed, 1 might almost say that 
it \va.s Laurent who first clearly stated ^" what Gerhardt wished 
to advance. It is, however, extremely difficult to separate from 
one another the services of the two chemists, because they 
published a great deal conjointly, and probably discussed 

(erything together. I would ask, therefore, that my statements 
th respect to this matter may not be taken too literally. 
Gerhardt's first paper on the subject in question dates from 
B year 1 842 ." In this paper he frequently employs the word 
equivalent in a sense in whicli it was introduced into chemistry 
by Wollaston and Gmdin, although this sense is one of which 
we cannot any longer approve. With Gerhardt the word is 
one w^hose signification he does not seek for in its origin, other- 
wise he could not call HjSO, and HCl one equivalent each ; 
for he himself wishes to prove that sulphuric acid is dibasic, in 
which case it is not equivalent to hydrochloric acid. What 
Gerhardt wishes to determine are atomic and molecular 
weights, which, however, he does not yet understand how to 
Stinguish from each other, and for which he uses the word 
juivalent," at the same time designating as " atomic weights " 
The numUers which he is attacking. 

Gerhardt's equivalents, so-called, are not really equivalent, 
but mereiy~comparable quantities; and in determining them, 
the most various points of view which can be of consequence in 
estimations of atomic and molecular weights and of equivalents, 
are taken into consideration. 
^_ It must appear striking and peculiar to any unprejudiced 
^pson, that the numbers which Gerhardt proposes as the 

* Ann. Chim. [3] 18, 266. 
Chini. [3]7, 129; 8, 23S. 



•" J. pr. Chem. 27, 439 ; also Ann. 
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"equivalents" of the clementarj' substances (with the exception 
of the numbers for the metals), agree almost completely with 
the atomic weights of Kerzelius, of the year 1826. It is also 
notewurthy that (ierhardt does not mention Berzclius, and is 
obviously quite unaware that he, to a large extent, adopts his 
numbers. On the other hand, the Swedish chemist does not 
appear to have noticed this agreement, since he violently attacks 
Gerhardt's paper.''- What I consider as most remarkable, how- 
ever, is the fact that, at the time when Gerhardt makes his 
proposal, very eminent chemists (I only mention Liebig and 
his pupils") are actually employing atomic weights for the 
most important elements, such as rarbon, oxygen, hydrogen, 
chlorine, etc., with the ratios which Gerhardt recommends as 
new ; but that, a few years afterwards, the equivalents of Gmelin, 
against which Gerhardt's paper was directed, are almost univer- 
salfy adopted. - 

The valuable part of Gerhardt's paper consisted, however, 
much less in the suggestion which he makes as to the " equiva- 
lents" of the elements, than in his views respecting the equiva- 
lents of compounds, in following up, by means of equations, 
the decompositions of organic substances, he arnves at the 
general proposition that the quantities of cafBonuTacid, water, 
and ammonia produced in these decompositions are expressible 
as" multiples, by whole numbers, of CjOj, HjO» and NHj.*^ 
Hence, according to him, these quantities must represent an 
equal number of equivalents, whereas it was at that time as- 
sumed that the equivalents of carbonic acid and of water were 
only half as great as these formulas would indicate. 

Guided by quite similar considerations, he fixes the equiva- 
lents of carbonic oxide and of sulphurous acid as C.jOiand 
SjO,, and, in doing so, adds, as an important support pfjiis 
assumptions, that these quantities occupy exactly the sam e 
space in the gaseous state. He is thus able to assert that the 

*'' Bcrj.clius, Jahrcsbericht 1844, 319. *' Liebig (Annalen. 31, 3*1 
points out tliat it will probalily never be possible to ascerliiin the true 
atomic weights, and that it is therefore better to employ the equivalenls. 
*'C=(5, 0=8, N= 14, H = i. 
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^^uivalcnts of carbon, oxygen, and sulphur are not 6, 8, and 
r6, as Gmelin's school assumed, but twice these numbers, that 
is, 12, 16, and 32 ; and he proves, by many examples, that 
there do not exist any equivalent formute, constructed on the 
principles advanced by himself, which contain less of the re- 
spective elements than these latter quantities. He also proves 
that an even iiumber of atoms of carbon, of oxygen, and of 
sulphur always occurs in compounds containing the.se elements, 

^^they are represented by means of Gmelin's equivalents. 

^B Consequently Gerhardt doubles the equivalents of carbon, 
of oxygen, of sulphur, etc., with reference to those of hydrogen, 
of chlorine, of nitrogen, etc., whereby he obtains Berzelius' 
numbers. He differs very materially from the followers of 
Beritelius in thf formula; which he proposes for organic com- 
pounds. .'\ccording to him, these had been doubled, as com - 
pared wi th many inortfanjc _aiibsta.nces, consequently he halves 
them ; they were, as he expresses it, referred to H = 2, or to 
= 2oo, whilst, for the majority of inorganic compounds, the 
number chosen for comparison was H = r or O = 100. Hence 
substances were divided into those like water, carbonic oxide, 
carbonic acid, etc., which occupy two volumes (H = 1 = i vol.), 
and those like alcohol, ethylene, chloride of ethyl, etc. (that is, 
all the substances which were then called organic, and of which 
the vapour densities were by no means always known), which 
correspond to double this volume. 

I may be permitted to leave off the consideration of Ger- 
hardt's views here, in order to glance backwards and seek for 
the reasons which had caused chemists to write "four-volume" 
formulae for organic substances. This way of writing them 
must appear all the more remarkable since both Berzelius 
.nnd Dumas, at first, at least, believed that they must choose the 
atomic weights of compounds so that they should represent 

fual volumes in the state of vapour. 
Relatively few v apour densities were known at that time, 
and hence the rule was broken in many cxses without the fact 
being known. Another very important rea.son lay in the widely 1 
Spread assumption that the acid was the subsuncc urnVvid V 
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the base in a salt, or, as it can also be expressed, that the 
usually hypothetical anhydrides (instead of the hydrates) were 
regarded as acids. Thus, on the basis of the atomic weights of 
Berzielius, the analysis of acetate of potash led to the formula 
K.C4H,04, and from this, after deduction of the potash, KO, 
the atom of acetic acid remained as CiHgOi, which did not 
permit of any further division. Those who regarded atom and 
equivalent as identical had to find confirmation of the accuracy 
of this formula in the fact that this quantity of acetic acid is 
neutralised by one equivalent of potash, KO ; and so the 
formulae of all monobasic acids were necessarily doubled. 
The establishment of the theory of polybasic acids caused 
Liebig to double the formulae of several dibasic acids, as for 
example, that of tartaric acid (see p. 159). This, in turn, affected 
the atomic magnitudes of neutral substances, such as alcohol, 
compound ethers, etc. To the first of these the formula 
CsH,0, corresponding to two volumes, had at first been as- 
signed, and, in order to arrive at this formula, Berzelius 
assumed a radical in alcohol different from that in ether. *" But 
Liebig, with whom alcohol was the hydrate of ether, adopted 
the group ethyl, C4H10, as the basis of both,** and the close 
relations between alcohol and acetic acid then became promi- 
nent for the first time. Ethylene was now written CiHf, and 
chloride of ethyl dHmClj ; that is to say, all the compounds of 
the ethyl series contained four atoms of carbon. Quite similar 
reasons caused the doubling of the other formulae. 

Gerhardt wishes, as we have stated, to halve these, and he 
is moved to do so from other points of view besides that of the 
volume relations. According to him, the salt-forming metallic 
oxides do not consist, as Berzelius assumes, of one atom of 
metal and one of oxygen, but they are comparable with water 
(which he now writes H2O) and contain two atoms of metal;*' 
whereas in the hydroxides one atom of metal and one of 
hydrogen are united with one atom of oxygen.'** He is there- 

*> Compare p. 132. * Compare p. 133. *' Compare also Griffin, 
Chemical Recreations, Seventh Edition (1834), 92-93 and 228-229. 
« Ann. Chim. [3] 18, 266. 
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Tore obliged to halve the at omic weights of the metals, and to 
assume K = 39, Na=z3, Ca = 20j etc. He calls that quantity 
of a monobasic acid an equivalent which yields a neutral salt 
by the replacement of one part of hydrogen by 39 parts of 
potassium, whilst he assumes the equivalents of the dibasic 
acids to be twice that quantity.'"' The formula of acetic acid 
therefore becomes CoH^Oj while that of oxalic acid, CiiH.jO^, 
remains unchanged. 

That (lerhardt, in spite of these well-considered and excel- 
lent observations, which are now for the most part adopted, 
had not reached the point of view which we take up, is shown 
by a part of his paper -•*' where he thinks he should point out 
that, as a consequence of his proposals, the atomic theory, the 
theory of volumes, and the equivalent theory all coincide. 
According to our present views this is not attainable. The 
various conceptions were first separated from one another in 
iS^^by Laurent,'' who thereby rendered Gerhardt's numbers 
"admissible. He showed that these values were not by any 
means equivalent, and consequently did not deserve the name. 
They express, as he points out, those quantities which enter 
into reaction, and accordingly represent molecular weights. 

Although Gerhardt's endeavours in the determination of 
equivalents tended in the direction of employing comparable 
quantities only, this was first stated and elevated to a principle 
by Laurent. According to the latter, it is necessary to start 
from a "terme de cowparaison " and to refer the formulae of all 
compounds to it. Since he is quite clear as to the fact that 
the quantities contained in equal volumes do not always pro- 
duce the same chemical effect, he considers the question 
whether he will compare substances in the gaseous state 
according to the space which they occupy, or whether he will 
compare their equivalents. He rejects the latter comparison, 
on account of the difficulty associated with the determination 
of equivalents of substances which are not analogous, and 
decides in favour of the first comparison ; that is to say, he 



Ann. Chim. [3] 7, 139. "" IbiJ. [3] 7, 140. ^'i Ibid. [3] 18, 266. 
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chooses the formulre (and therefore the molecules) of sub- 
stances so that they represent two volumes (H= 1 = 1 vol.) in 
the state of vapour. In doing so he is obliged, however, to 
admit certain exceptions to which he draws attention. Thus it 
was known from Bineau's investigations ''- that the formulffi 
NfljCi, for sal ammoniac, and SO^Ha, for sulphuric acid,'' 
correspond to four volumes, but, in spite of this, these quan- 
tities are regarded by I^urent as representing their moleculjr 
weights. There were definite grounds, in these instances, which 
appeared to make this a.ssumpt)on necessary. The isomorphisin 
of sal ammoniac with potassium chloride excluded the formuh 
NjH.jClj; the dibasic character of sulphuric acid, which Laurent 
looked upon as proved, demanded a molecular weight at vari- 
ance with Avogadro's hypothesis. Even if this hypothesis, 
therefore, was regarded as the chief standard in the fixing of 
formula;, still the results obtained were subject to modification 
by chemical reactions, and by physical properties such as 
specific heat, specific volume, crystalline form, etc. Further, 
the law of the even number of atoms, which had been outlined 
for special ca.ses by Gerhardt^'* in 1843, played an important 
part in these determinations. Laurent now states this law, to 
the effect that in all compounds the sum of the ato ms of hydrg - 
gen, chlorine, bromine, nitrogen, j;tc., must a lways be an even 
"tfumber. The law becomes of increased significance from the 
fact that L-aurent applies it in order to prove that the molecules of 
these elements, which he calls dyads,''^ consist of two atoms. 

Gerhardt's ideas were greatly elucidated by I..aureiit, who 
made them more generally accessible and comprehensible hy 
laying greater weight upon the terms he employed, and by 
defining these terms precisely. As a result of this, an 
important advance was effected, because the separajioiLO-f 
atom, molecule, and equivalent was now really accomplished; 
and hence it again became possible to employ Avogadros 
hypothesis (thirty-five years after its promulgation) as the 

^' Ann. Chim. [2] 68, 416. " Compare ibid. [3] 18, 289. " ^■ 
[3] 7. 129- "^ Il'iil- [3] 18, 265; compare also Laurent, MiithoJe Je 
Cbimie. 7J ; E. 62, 
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as of a system. With Laurent, the molecule is the smallest 
quantity of a substance which is required in order to gi^-e 
rise to a compound, and which, in the form of %'apour, 
a]wa}-s (or at least with few exceptions) occupies double the 
volume of an atom of hydrogen. The atom is the smallest 
quantity of an element which occurs in compounds, whilst the 
equivalents represent quantities of analogous substances which 
have the same value in reactions.-^ 

I shall try to give an idea of the importance to chemistry of 
these definitions, by stating some of the conclusions that were 
drawn from them in view of the experimental work of the pieriod. 
The consistent application of the idea of equivalents 
necessitated the assumption by Laurent and Gerhardt of 
several equivalents fo r many of the metals.^' "The idea of 
the equivalent includes "the notion of an identity of function ; 
we are aware that one and the same clement can play the part 
of two or of several others, whence it must occur that different 
weights also correspond to these different functions. On the 
other hand we find different weights of the same metal, such 
as iron, copper, mercury, etc., replacing the hydrogen of acids, 
and, in doing so, forming salts which contain the same metal but 
possess different properties. These metals h^ve,C0insequent!y, 
different equivalents." 

This idea was not new,''** but as really equivalent formute 
had never been employed, it had not up to this lime had any 
further consequences. Now, when Laurent and Gerhardt in- 
troduce this mode of writing formula, it acquires a certain 
value. Thus, for e.\aniple, these reformers of chemistry seek 
to find analogies where they have hitherto remained concealed; 
the formuL-E of the sesquioxides can be assumed to be similar 
to those of the norma! bases, and a uniformity can thus be 
introduced into the way of regarding salts which has not been 
jpossible hitherto. It is known that the neutral sulphate of 
Hhe protoxide of iron {ferrous sulphate) contains, for the same 

" Ann. Chim. [j] i8, 296 ; also Comptes rendus des travaux chiiniqucs 
pu Laurent ct Gerhardt 1S49, 257. " Ibid. 1849, 1 etc. " Compare 
p. 103. 
^ N 
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quantity of sulphur, one and a half times as much twa astlx I 
neutral sulphate of the peroxide of iron (ferric sulphate) I 
Thus we may express it that 28 parts of iron in the ftnws I 
salt can take the place of one part of hydrogen, while lh< | 
latter can also have its place taken by 18'ff parts of iron, in 
the ferric salt ; both quantities are, therefore, equi^-alent to 
one part of hydrogen. If we distinguish, as I^urent and 
(icrhardt did, by the terms /errosum (Vc = 28) und Jerr'ctiu 
(fe -^ B-38) the equivalents of iron in the ferrous and in the 
ferric salts respectively, then the formula of ferrous sulphate 
(Fc,) SO, and of ferric sulphate (fe,) SO, become companble 
with each other. .\ similar thing holds for other metals 50cb 
as copper, mercury, tin, etc. ; in the salts corresfwnding to the 
lower and to the higher oxides of these metals, diffaenl 
equivalents, of which the one is double the other, ^^ must ^ 
auunicd in each case. 

Complete analogy is attained in the mode of writing salts 
when equivalent formulje are employed for acids also, We 
then have : — 

Ferrous iiul|iliiile Cupric chloride Mcrcurous chloride 

SOi (Fe.) CI, (Cu,) CI, (hg.) 

In this inudt.- of writing formulae, the differences between 
nmnolxisic and polybasic acids disappear; and it certainly i® 
an advantage of the molecular formulse that they permit thtse 
highly important peculiarities to become prominent. Liurent 
and (icrbardt rccognisfd this very fully, and it was the lattefj 
especially, who endeavoured, and with much success, to bring 
about the se|)aratioii of these classes of substances by more 
definitely advancing new characteristics."" 

The formation of double .salts with non-isomor|)hous bas^^ 
did not appear to <'ierhardt sufficient for fi.xing the basicity o' 
an acid ; he points out that dibasic (and polybasic) acids can 

•* Laurent's views with resiiect to the iiUKle in which the odsttn'S " , 
several ce|iuvaieiUs for ihc same clement may \k cxplai/""' 
his Mcthmte dc Chimie, 127; E. 103. <" 

Coinptes rendtis mcnsuels ties irouvaux chimiqtitt 
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>rm two (and more) ethers, of ivhich one (or more) is acid, 
nd one is neutral. The molecule of the latter, if it is assumed 
) correspond to two volumes, contains one alcohol residue in 
le case of monobasic acids, and two (or several) .such residues 
1 the case of dibasic (or [)olybasic) acids. Further, the amid- 
smpounds, and also the ariilid-compounds (discovered a short i 
me [iruviously '") furnish additional evidence. Thus whilst the / 
lonobasic acids produce only one amide, one nitrile, and one' 
lilide, the acid ammonium salts of dibasic acids, by the loSsj 
' Water, give rise to the formation, besides, of an amid-acid/ 
id of an imide ; and they alone can yield anilid-acids. 

I-^urent had already drawn attention, a few years eadier, to 
'Other difference between these substances."^ According to 
fn, only the formute of the dibasic and polybasic acids 
:rmit the assumption (jf their containing water, whereas in 
ne molecule of a monobasic acid the constituents of only 
alf a molecule of water require to be present, for which 
sason, the latter are not able toj'orm anhydrides. 

Thus nitric 'acr(r'is:-HNO, = (HO,) + NO,,; while 
ub^uric acid is :— H,.SO, = H.,0 + SO,. 
BfWiih I^urent, hypochlorous anhydride, which was already 
SJo^'n at that time, is CIHO in which one atom of hydrogen 
M'eplaced by one atom of chlorine."^ 

■ Laurent's views as to the molecules of the elements were 
^ very important. It was a consequence of Avogadro's 
'yiH)thesis, with which Laurent identifies hini.self,'" that the 
noieculcs of certain elementary substances should be regarded 
* Composed of at least two atoms. Laurent tries to support 
his view by means of chemical reasons. According to him 
S0K:alled "dyads," such as hydrogen, chlorine, bromine, 
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Comjarc p. 1S5. ™ Ann. Chim, [3] 18, 266. '" These views 

Me looked ujwn as rcfuied by Gerhardt's discovery of acetic anhydride 
^r"' ^ut slriclly speaking, ihey were nut. It was, in fact, an extension of 
•■■'ride lo apjily '' to ^h*-' substances discovercil by Gcrhardt. 
- ChU^O.j anil CjlInOj on the one h.ind is not quite the 
6, and CilIjOj on the other. " He does 
i it was first announced b^ \\o^jA\o. 
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iodine, nitrogen, ])hosphorus, arsenic, and antimony, always 
occur in even numbers only ; and this rule, if it is to hold for 
the molecules of the elements as well, renders the existence of 
single atoms in the free slate impossible. Besides this, Laurent 
brings forward the well-known effects of the nascent state, and 
explains them by the assumption that at the moment of the 
separation of the elements from their compounds the single 
atoms arc isolated, and therefore combine far more easily with 
others than in those cases where it is a question of molecules 
or of atomic groups which must first be decomposed before 
reaction can take place. 

Laurent and {Jerhardt, with their far-reaching refonnsjnfil- 
with almost no immediate recognition ; on the contrary, it 
seems as if the conception of the equivalent, in its first uncer- 
tain form, had now found more adherents than formerly, and 
as if Gay-Lussac's law of volumes appeared to chemists to be 
less adapted than ever to constitute the basis of a system. 
For this reason there was not, in general, the slightest ten- 
dency exhibited to assume, with laurent, the divisibility of the 
molecules of the elements. It is no doubt true that urgent 
grounds, and especially, chemical grounds, were still wanting. 
It was a very happy idea that I^urent and Gerhardt had hit 
upon when they stated that the formula of substances most 
represent comparable quantities ; but the standard was still 
wanting. The spaces occupied by the gases were known only 
in relatively few cases, and even amongst these there were 
sonic cases where the molecular weights deduced were un- 
serviceable because they were at variance, or at least they 
appeared to be at variance, with the chemical properties. A 
series of facts which confirmed these ideas, and eventually pro- 
cured for them general recognition, was still wanting. We 
are indebted for our knowledge of them to Williamson, who 
showed how to find the molecular weight by chernical metho^Si 
and thereby rendered a service to our science which cannot be 
too highly estimated. Even although he did not instigate the 
reform of chemistry, still it was his investigati ons which first 
wade its accomplishmeiii tvecessary and possible. 
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LECTURE XI. 

Seasons for the Assmpriox of the Divisibility of Elembxtarv 
Molecules— Fixing of the Molecolak Weights, by William- 
son, BY Means of Chemical Reactions — Theory of the 
Formation of Ether— Fusion of the Radical Theory with 
Dumas' Types— Substitutep Ammonias— Polyatomic Radicals 
— Gerhabdt's Theory of Types and System of Classification. 

[t has often been stated that chemistry should advance by 
ievelopment from within itself alone, and that the influence of 
:he other sciences is injurious if it is exerted in any other direc- 
ion than that in which chemical facts appear to lead us. I 
mderstand perfectly well that in chemistry a theory is not 
;hosen which is in contradiction to certain facts, in order to 
ittain a more complete agreement with physical laws, and I 
ippreciate this from the didactic point of view in particular ; 
)ut I consider it just as proper and essential in our science to 
nodify our views so as to produce harmony with recognised 
latural laws, and also with theories and hypotheses, as soon as 
he facts permit of our doing so. It therefore appears to me 
ippropriate, now when in our historical development we have 
irrived at the middle of a far-reaching reform, to advance some 
)f the not exclusively chemical reasons which told in favour of 
he system of Laurent and Gerhardt. In doing this, I confine 
nyself to facts which appear to support the divisibility of the 
nolecules of the elements, for the special reason that this 
lypothesis, even after it had been repeatedly antu>unced, ttill 
net with no approval 

Amongst the results, of extreme value in chemistfy. » 
^avre and Silbennann annou nced in i8jj6 jn their » 
leats of combustion,! there is a very renw 
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deserves to be stated here. They observed that on burning 
carbon in oxygen, less heat is produced than when nitrous oxide 
is employed. They considered that this striking fact could 
only be explained on the hypothesis that in both cases, besides 
the formation of carbonic anhydride, a decomposition took 
place ; that is to say, a change occurred involving the separa- 

v^ tion of atoms which had previously been combined. Accord- 

"* ingly they thought that even in the free particles of oxygen gas, 

k»^ several (two) atoms must be assumed, and that the quantity of 

heat required for their decomposition must be greater than that 
required for the separation of the oxygen from the nitrogen in 
nitrous oxide. 

By the application of ^ hypothesis relating to chemical com- 
bination and decomposition, Bfodie ^ arrives at the divisibility 
of molecules of hydrogen and of oxygen. It appears to him that 
the contrast which was drawn, in accordance with the views 
prevailing at that time, between the. formation of compounds 
and the separation of elements, has no natural foundation. In 
his view, every combination is merely the consequence of a 
decomposition, and this can only be occasioned by new com- 
binations. He tries to prove the accuracy of this view by 
means of various examples, and, in doing so, introduces certain 
signs and expressions designed to give an idea of the contrast 
(more generally, of the relation) between the atoms entering 
into combination. According to Brodie, there exists between 
these a relation (polarity) of such a kind that the one is desig 
nated as positive or negative as contrasted with the other. This 
relation, which Brodie also calls chemical difference, depends 
upon the peculiarities of all those particles with which the atom 
is for the time being combined. 

']^o jiermit of a better comprehension of this, I give here some 
of the examples adduced by Brodie. Silver does not unite 
iliroctly with o.xygen, whereas silver chloride is decomposed by 
boiling with jxitash, silver oxide being formed. According to 
Brodie, this is due to the fact that it is only by their combina- 

* PhU. Trans, vSy^ 159- 
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li chlorine and potassium respectively that the silver and 
acquire the polarity necessary for their combination. 

2S : — 

AgCl + KO = AgO + KC1.8 

jrding to Faraday/ perfectly dry calcium carbonate is 
omposed even at the highest temperatures, whereas in 
;ence of water the decomposition begins at once ; and 
', according to Millon,^ sulphuric anhydride can be 
over carbonate of potash, the formation of a salt only 
lace on the addition of water. Brodie writes : — 

KO + HSO4 = HO + KSO4. 

his case, especially, it can be distinctly recognised why 
considers that combination is always accompanied by 
osition, whilst the first example seems to justify the 
; statement. But the existence of free elementary 
5 incompatible with this, so that Brodie is at pains to 
It these always appear in pairs, and then unite with one 
The most striking of the examples which he adduces 
of the evolution of hydrogen which takes place when 
hydride, discovered by Wurtz," is treated with hydro- 
icid : — 

Cu.,H + HCl = Cu^ci + HH. 

: a similar evolution is not observed on treating the 
ith the acid is looked upon as owing Xo the fact that 
le species of polarity is always associated with the 
n in hydrochloric acid, whilst the affinity of copper for 
is not sufficient to decompose hydrochloric acid.'^ 

I, = 8, K = 39, Ag=io8, C=6, etc. * The stati 
rded as erroneous ; compare Gay-Lussac, Ann. Chio 
■• I have been unable to find this fact, quoted by I 
papers. * Annalen. 52, 256. ' Compare Wurt«,.' 
ie chimique, 64. 
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The formation of nitrogen by heating ammonium nitrite is 
also e.\plaint'd in the same way : — 



NO,H,N ■■ 



:4H0 + NN. 



This mode of regarding the matter is very sjiecially suitable 
for explaining the reductions by means of hydrogen peroxide, 
which were at that time partially known and had been chiefly 
studied by Brodie himself." He regards the formation of 
oxygen as a consequence of the different polarities which this 
element possesses in the two oxides. We have, for e.\ample;— 



H00 + Ag,Ag,O = 



HO + 60 + Ag. 



The reduction of potassium permanganate and of potassium 
bichromate is supposed to proceed in a similar manner. Two 
atoms are always set at liberty simultaneously, and these, in 
consequence of their chemical dilTcrence, then unite with each 
other." 

Further, the discovery of ozone by Schcinbcin;'" the 
recognition of its nature as an isomeric modification of 
oxygen ; " and in particular the proof that it is condensed 
oxygen (a fact which was first stated by Andrews and Tail'' 
on the strength of some highly interesting e.xperiments, but was 
especially demonstrated by Soret '^} only find an explanation in 
the hypothesis of the divisibility of the elementary molecules. If 
ozone, as appears from Soret's experiments, possesses a relative 
density, one and a half times as great as that of oxygen, then 
the smallest particles of this latter gas must contain at least two 
atoms, whilst those of ozone consist of three atoms. But if this 
assumption is admitted in the case of oxygen, it cannot easily 

' Phil. Trans. 1850, 759. ' Compare also the explanation which 
Wurtz gives of the fact that the combination of nitrogen and oxygen lakes 
place much more easily in presence of hydrogen (Wurtz, Le9ons. 65). 
'" Pogg. .\nn. 50, G16 ; 59, 240 ; 63, 520 ; 65, 69, 161, 190, etc. ; compare 
"Ueber das Ozun," Basel 1844. " Archives des sciences phys. el n»tuf., 
Geneve 12, 315 ; 17, 61 ; 18, 153. '- .'Vnnalcn. 104, 128 ; 112, 1S5 ; Ann. 
Chim. [3] 52, 333i and 6?, lot. '■'' Annalen. 138, 45; Siipplementband 

,s 14s. 
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be avoided in die cases of the other elements. The different 
vap)our densities which were found in the case of sulphur ^* can 
only be explained by the assumpticm that, at low temperature^ 
the molecule consists of three times as many atoms as at a very 
high temperature. 

It is certainly not without interest, that, in 1857, Clausius 
was led, by the mechanical theory of heat, to the divisibility of 
the physical molecule. ^^ Since, according to this theory, the 
kinetic enei^ of translatory motion in equal volumes of two 
gases at the same pressure, is proportional to the absolute tem- 
perature, Clausius concluded that the kinetic energy of trans- 
latory motion of the single molecules of all gases at the same 
temperature is the same This assumes the fulfilment of Avo- 
gadro's hypothesis. 

The number of facts drawn from different branches of natural 
science which tell in favoiur of this hjpothesis might be multi- 
plied still further ; but I confine myself to the statement of those 
that I have mentioned, and pass on to chemical argimients 
which, after all, were the only ones that eventually led to the re- 
cognition of the hypothesis. Amongst these, the experiments 
which were now carried out and led to the conception of the 
chemical molecule, distinctly take the first place. I will not 
assert that this conception was not already extant ; but it now 
appeared in a much more definite form. This latter assertion 
will certainly be justified when I collect here the facts and 
hypotheses which existed and exo-cised an influence upon the 
determination of molecular weights by chemical methods, prior 
to Williamson. 

The atomic theory gave the first clue to these magnitudes. 
The formula of every compotmd required to be expressible by 
means of multiples, by whole numbers, of the atomic weights ; 
but this had no obligatory consequences so long as the atomic 
weights had not been determined with certainty, because, in 
case of necessit)', even the atomic weight of a constituent could 

" See Dumas : Ann. Chim. [2] 50, 170, and Deville and Tm 
Comptes Rendiu. 49, 339. " Pogg. Ann. lOO, 353. 
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be altered. It was unquestionable however, that even with only 
a moderately consistent application of atomic considerations, 
there was a certain connection between the different forniulK. 
A relation of this kind was attained, especially by Laurent and 
Gerhardt, in the case of organic compounds in particular. It 
appears to me to follow from the nucleus theory that Laurent 
assumed the number of carbon atoms in the radical to remain 
unchanged until carbon was separated in some form or other.'* 
It was Gerhardt who first clearly stated this rule '' (which, how- 
ever, is not always accurate, as, for example, in the formation 
of polymeric substances), and it will readily be conceded that 
by means of it, the molecular weights of many scries of com- 
pounds were fixed from a knowledge of these magnitudes in 
the cases of a few substances. The so-called law of the even 
number of atoms gave a further guide to the smallest formula, 
and, in consequence of it, Laurent and Gerhardt found frequent 
occasion to alter the formula previously adopted. 

The conception of the polybasic acids exercised a very im- 
portant influence in the fixing of formulse, since even IJebig 
for example (who first definitely grasped this conception) wis 
induced to double the formula of tartaric acid,''^ in order to 
make it conform with the chemical character of this substance. 
In tiie case of one special class of substances — the acids— tiie 
recognition of a criterion of their polybasicity, for which we are 
indebted to Liebig, Laurent, and Gerhardt, was just as far- 
reaching as the later experiments of Williamson in the cases of 
other groups of compounds. 

The phenomena of substitution, as may readily be under- 
stood, contributed something towards rendering the molecute 
of different compounds comparable with one another, 1"^ 
formula of a substance frequently required to be multiplied h)' 
two or by three so that it might not he necessary to .issunie 
fractions of atoms in the products arising from the substance 
by the action of chlorine, etc. It only became necessar)' W 
attend to these considerations in consequence of the unitary 



'" Compare p. 145. '" ]. yr. C\\em. rj, a,%c). '« Annalen. s6, iM- 
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•tions introduced by Ehimas at the same time, and of the rule 
Gerhardt mentioned above. This does not apply to the 
•ponents of these views, as I shall prove by means of an , 
ample. Kolbe and Frankland prepared methyl (ethan), in o*'-^' 
•48, by treating ethyl cyanide with potassium, and they 
sighed to it the formula C,H, [€ = 6].!* They subjected 
is substance to the action of chlorine in order to convert it 
entually into methyl chloride. Instead of the latter they 
>tained a compound having the same composition as ethyl 
iloride, but which instead of becoming liquid at 1 2°, remained 
seous at - 18°. This they regarded as isomeric with ethyl 

iloride, and they formulated it C,Hj . Q^?, that is, as a 

upled compound of methyl with another atom of methyl in 
iich one atom of hydrogen is replaced by chlorine. With 
olbe and Frankland, therefore, the existence of the first sub- 
tution product QH.Cl was no reason for assigning the for- 
ila C4H, to the original hydrocarbon. Laurent was of a 
Jerent opinion. Prior to the isolation of the alcohol radicals, 
had proposed for them, in case they should be discovered, the 
niulae now adopted.-* Afterwards, when Kolbe had discovered 
'eneral method for the preparation of the alcohol radicals by 
- electrolysis of sahs of the fatty acids,-' Laurent and Ger- 
fdt return to this view in a detailed manner and designate 
-ni as homologues of marsh gas.- A. W. Hofmann allies 
nself with them in so far that he leaves the possibility of 
merism between the alcohol radicals and the homologues of 
irsh gas an open question.-* It is otherwise with Frankland, 
o defends the formula: corresponding to two volumes for 
• alcohol radicals, as opposed to those corresponding to four 
unies, and formulates methyl, QH,, and ethyl hydride, C4H,, 
-rwards just as he had done before.-^ 
The conception of the chemical molecule was more readily 
'feciable by Laurent, Gerhardt, and Hofmann. They en- 

" Annalen. 65, 279. •»' Ann. Chim. [3] 18, 283. "■" Annalen. 6f, i 
^niptes rendus mensuels des travaux chimiques. 185a • AlUM 
'61. '" Ibid. 77, 221, 
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deavoured to make their ideas in this connection plain to their 
opponents, but still they do not appear to have succeeded in 
convincing them. Telling experiments were still wanting. 
Gerhardt required hundreds of examples in order to show that 
H«0„ and not H,0, corresponds to the formulae NjHi and 
H5CI.J. I^aurent's proof with respect to the doubling of the 
molecular weights of hydrogen, chlorine, etc., is also clumsy. 
In spite of this, it cannot be denied that these chemists at that 
time possessed arcurate fundamental ideas, and I do not doubt 
that they also would have been able to deduce the same con- 
clusions, productive as they were for our science, from the facts 
which were now discovered and so excellently turned to account 
by Williamson. 

By the action of potassium etbylate upon ethyl iodide, 
AVilliam.son had hoped to be able to effect the synthesis of an 
alcohol ; -'' ethyl was expected to take the place of the potassium, 
with the formation of an ethylated ethyl alcohol — an expecta- 
tion quite in conformity with the views of the period. A short 
time previously, \\'urtz had discovered ethylamine,-'' which he 
regarded as a substituted ammonia — a view which was con- 
firmed by the interesting mode of formation of this and many 
analogous substances, discovered by Hofmann.-" Frankbnd 
had already tried by means of zinc ethyl, a substance discovered 
by himself,-'* to introduce alcohol radicals into organic sub- 
stances.'-"' But Williamson's experiment gave unexpected 
results : instead of an alcohol, he obtained ether. He under- 
stands, however, how to adapt his ideas, which had been 
turned in an altogether different direction, to his results, and 
he at once recognises the full importance of his experiment, 
He explains the formation of ether under the conditions which 
he had observed, and then the formation of ether in generai ; 
and be proves the accuracy of his view by means of a series of 
brilliant experiments. 

Different views were at that time held as to the fomiulffi "I 



** Annalen. f7i 37- " ^"inptes ts, 
I2p, etc. ^ Ibid. 71, 213 -, 85, V-'). 



'^' Coinptes Rendus. 28, 223. - 
«i Ibid. 85, 354 



Annalen. t6, 



LECTURE XI.] 



HISTORY OF CHEMISTRY. 



205 



alcohol and of ether. In con rormity with Liebig's ethyl theory, 
alcohol was pretty generally written CjHioO.., and ether QHjoO 
[C = I 2, 0=16]. Now, with the halving of the atomic weights, 
the formula; had, in many cases, been halved : alcohol became 
CjHnO.j, and ether QHjO [C = 6, = 8], whereas Gerhardt 
assigned to these substances the formul;e C.H„0 and CiH,„0 
[C=i2, = i6j. Further, Laurent had already drawn atten- 
tion to the fact, in 1846,'^' that the formuliE of alcohol and 
ether, as well as those of potassium oxide and hydroxide, are 
derivable from that of water.'" He wrote : — 



HHO 

Water. 



EtHO 
Alcohol. 



EtEtO 

Elhur. 



KKO 

Potassium 

Oxide. 



KHO 

^^H Water. Alcohol. Elher. Potassium 

^^B HyHroxiilc. 

f Williamson perceived that the last view alone was in agree- 

I ment with his experiment. He formulated as follows the 
I equation which represented the reaction he had discovered ; — 

^=^0 + CHJ = ^J5»0 + KI [C=i2]. 

In order to meet the opposing view, in accordance with 
which the equation ought to be written : — 

C4HAKO + QH J = 2(QH,0) + KI [C = 6] 

since the assumption was that potassium alcoholate is a com- 
pound of potassium oxide with ether, and that the latter 
separated during the decomposition, whilst a second "atom" 
of the same substance was simultaneously produced from the 
ethyl iodide, Williamson carried out the reaction with methyl 
iodide. He expected to obtain methyl ethyl ether, whereas, in 
accordance with the view just referred to, a mixture of methyl 
ether and ethyl ether ought to be produced. The experiment 
was, therefore, decisive and justified Williamson's hypothesis. 
Both by the action of methyl iodide upon potassium elhylate 

*• Ann. Chim. [3] 18, 266. '' GrilTm claims priority of the view n 
accordance with which the alkalies do not contain any water. See Criffint 
Radical Theory, 9. 
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and by that of ethyl iodide upon potassium methylate the so- 
called mixed methyl ethyl ether was produced : — 

^^'O + ICH, = ^^'O + IK 

^^'0 + ICoH. = ^JJ'O + IK. 

These experiments proved to Williamson that ether is 
produced from alcohol by the replacement of an atom of 
hydrogen by ethyl, and, therefore, that it contains more carbon 
in its molecule than alcohol does. The formation of the mixed 
ethers furnished him with a reason for excluding every other 
view. 

It now became a question to explain the formation of ether 
under known circumstances, especially by the treatment of 
alcohol with sulphuric acid ; and the solution of this problem 
was also furnished by Williamson, after chemists had been 
engaged upon it for decades. At first the process of etherifica- I 
tion had been explained by the dehydrating action of sulphuric 
acid.'^ This view agreed very well with Dumas' etherin theory. 
Hennell, although an adherent of the etherin theory, considered 
this view irreconcilable with the formation of sulphovinic acid 
observed by him ;^' and it was also in contradiction with the 
fact that water distils over at the same time as the ether. It 
was Liebig, 'Apecially, who established by means of numerous 
experiments a new theory of etherification.** He ascertained 
that the formation of ethyl sulphuric acid precedes that of 
ether, and, according to him, the sulphuric acid does not with- 
draw water from the alcohol, but ether, which latter unites with 
the sulphuric acid. Indeed ethyl sulphuric acid was at that 
time looked upon as a compound of these two substances, that 
is, as an acid salt of ethyl oxide. 

Thus ethyl sulphuric acid = C4H,|,0 -I- zSOj -1- HgO 
[C=i2, 0=16,8 = 32]. 

^^ Compare especially Fourcroy and Vauquelin, Scherer's Journal 6, 
4j6 ; also Gay-Lussac, Ann. Chim. 95, 311, and [2]2, 98. ** Phil. Trans. 
1828, 569. *• Annalen. 9, 31 •, 13, V] •, a^, -iv. 
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ithyl sulphuric acid, according to the experiments of Liebig, 
ks up between 127° and 140" into ether and sulphuric acid, 
remarkable phenomenon that a substance is produced and 
:rgoes decomposition in the same operation, was explained 
.iebig on the assumption that the formation only occurred 
ose places where the alcohol dropped in, and where, there- 
the temperature was lowered to the boiling point of this 
d. The process of etherification therefore consisted, accord- 
Liebig, in the combination of the sulphuric acid with the 
r of the alcohol, and the decomposition into its constituents 
e compound so formed, at parts of the liquid where the 
)erature was higher. Ether then distils over, and, along 
it, the water which was separated on the formation of the 
: sulphuric acid. 

n opposition to this theory Berzelius ^* advanced another 
, which was supported and developed by Mitscherlich in 
cular.** According to this view, the sulphuric acid acts 
mtact, taking no part in the reaction, and simply decom- 
ig the alcohol into ether and water by catalytic action, 
was a mode of expressing the facts by means of specially 
;n words, but it can scarcely be called an explanation, 
ig's hypothesis really embraced an explanation which was 
y generally accepted. It was only called in question after 
am had shown, in 1850,^'' that alcohol and e*' yl sulphuric 
are both necessary for the formation of ether ; and that 
atter of the two does not yield ether even when heated 
; to 143°, but decomposes, in presence of water, into 
lol and sulphuric acid. 

Williamson clearly understands how to apply these facts, 
"ormation of ether is explained by the following equation ! — 

Ethyl c I 1, ■ 

sulphuric Alcohol. "agll'"'^ Ether, 
acid. 

, MM 

Berzelius, Jahresbericht 1836, 241. " Pogg. Ann. S9i 911 
37 Joum. Chem. See. 3, 24 ; Annalen. 75, 108 j cuffltwra I« 
irm. [3] »8, 30. 
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whilst iht: fumiatiun of the ethyl suljihuric acid is represented 
by this one : — 

"so, + '^^•o = "o + *"h^'S04. 

If the latter equation is read from right to left, it explains 
Clraham's experiment of the decomposition of ethyl sulphuric 
acid into alcohol and sulphuric acid. As soon as the doubled 
formula for ether was admitted, it was comprehensible why 
ether is not produced by heating ethyl sulphuric acid. 

Williamson, however, not contented with having shown the 
accuracy of his opinions by their being in harmony with the 
known facts, devises new experiments by which he can lest 
them.*'* The method he adopts is the same as pre\nously. 
He chooses the two substances which act upon one another from 
groups containing difTcrtnt numbers of carbon atoms. He now 
causes ethyl sulphuric acid and amyl alcohol to interact, and 
this reaction gives rise to the expected ethyl amyl ether ; — 



C..H, 



fJ''SO,+ 



CjHii 



o= 



S0, + ^»^^"0. 



He studies, besides, the action of sulphuric acid upon mix- 
tures of ethyl and amyl alcohols, and is able to show the 
formation, in this case, of three ethers — ethyl ether, amyl ether, 
and ethyl amyl ether. He finds "in these reactions the best 
evidence of the nature of the action of sulphuric acid in form- 
ing common ether, or in accelerating the formation of the so- 
called compound ethers ; for acetic ether is formed from acetic 
acid, just as ethylic ether from olcohol, by the replacement of 
hydrogen by ethyle. And if the circumstance of containing 
hydrogen, which is replaceable by other metals or radicals, be 
the definition of an acid, we must consider alcohol as acting the 
part of an acid in these reactions." 

\ further consequence of Williamson's experiments was the 
fixing of the molecular weight of acetic acid. According to 
\Villiamson, this acid is formed from alcohol by the replace- 
ment of two hydrogen atoms of the ethyl group by an atom of 

* Joum. Chem. Soc \, 129 % ^nnalen. 81, 73 ; 
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might almost say, absolute confirmation. His experiments, 
moreover, are not chosen at random, but are always sug- 
gested by the same kind of logical deductions. Williamson 
furnished thinking chemists with the means of determining 
molecular weights by chemical methods. The very general 
applicability of the method which he discovered, is demon- 
strated by the fine experiments of f Icrhardt, who was led by it 
to the preparation of the mixed anhydrides,"" and of VVurfi, 
who employed it with similar success in fixing the formuls oi 
the alcohol radicals.''- The mode, also, in which Friedel and 
Crafts*' determined the molecular weight of silicic ether depends 
upon a train of ideas that only became clear to chemists alter 
the publication of Williamson's investigations. 

The fact must not remain unmentioned here that, onlyi 
few months after Williani-son's publication, Chancel, on Jtti 
October 1850, published a paper"" in which, by means of 
similar axperiments, he arrived at the same results as William- 
son. Chancel distils potassium ethyl sulphate with potassium 
ethylate, and with potassium methylate, and thus obtains ethyl 
ether and ethyl methyl ether. His mode of fixing the mole- 
cular weight of diba.sic acids is peculiar to himself, although 
it coincides, in principle, svith Williamson's method. By dis- 
tilling potassium ethyl sulphate with potassium methyl car- 
bonate, and wit!) potassium methyl oxalate, Chancel prepares 
ethyl methyl carbonate and ethyl methyl oxalate. The reac- 
tions are represented by-the following equations : — 

CO. (CH j^ + SO,(cfH JK = CO.(c^ j (qLJ +SO.K. 

ca(chJk+so,(c« JK =ao,(c5 j (c^hJ +so,.c. 

The experiments of Williamson and of Chancel were of the 
greatest importance in the development of the science, for our 
present views are founded upon the conception of the chemical 
molecule. Unfortunately it is not always possible to determine 

" Ann. Chim. [3] 37, 332 ; Annalen. 82, 127 ; 83, 112 ; 87, 57 ami 149. 
« /We/. g6, 364, *' Ann. CKivi\. U^9, ^. " Comvles Rendus. 31. 521, 
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:th the same exactness as in the cases considered above, 
me manifest, however, that with few exceptions, to 
i we sliall afterwards return, the chemical molecule 
I with the molecular weight deduced from the observed 
le, on the basis of Avogadro's hypothesis. This led to 
(ssumption of the general identity of the physical and 
hemical molecule, whereby a new means, and an almost 
B sufficient one, is furnished for ascertaining the highly 
ftant molecular weight. 

bt Williamson's experiments and opinions also exerted an 
pee in another direction ; that is, with respect to the 
jconcerning the constitution of compounds. The way was 
kepared for a fusion of the newer radical theory or theory 
(dues with llumas' theory of types, from which Gerhardt's 
ff of types arose. In this development the labours of 
kchemists were, however, of at least as great importance, 
jally as these had already been partially carried out. 
pingly, we shall now direct our attention more particularly 
! latter. 

1849, ^^'urtz, by treating cyanic ether, cyanuric ether, 
ke substituted ureas prepared from these by himself, with 
I, obtained bases extremely like ammonia, which he 
kred with the latter inasmuch as he regarded them as 
Biia in which an atom of hydrogen is replaced by a 
|t such as methyl, ethyl, amyl, etc.^^ This way of 
Kng these substances involved-an important step in 
fee, since it was the first successful attempt to introduce 
Is into the types.'"' The fact that Liebig, as early as 
[■■expressed a similar view concerning these substances, 

were then only hypothetical,'*" satisfactorily proves the 
perception of this gifted scientist, but cannot detract from 
srit of Wurtz. 
le views of VVurtz respecting the constitution of these 



pmptes Rendiis. 28, 224, 323 ; 29, 169, 1S6 ; Annalcn. 71, 330, 
pare, however, I^urcnt, Ann. Chim. [3] 18, 266. ''" H 

Bch der Chemie, by Liebig, Poggendorff, and WoVAei, I, (>o^ 
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artificial bases, received important support from Hofmann's 
method of preparing them.'**' Hofmann succeeded, by treating 
the alkyi iodides with ammonia, in introducing the radicals 
into the latter, and his experiments possess all the greater 
importance from the fact that he also showed how to pre|«re 
secondary and tertiary compounds, as well as substances cor- 
responding to ammonium chloride and ammonium hydroxidt. 



Thus : 



NH» 



N^2 

H 

NCHj 
C'Hg 

C,,H, 
N C'H'a 

N c H3 : 



+ ICH, 



CM, 
NC H3,HI 
H 

C H 

+ rC5H„ =NC'Hg, HI 

(C,H,), 
+ IQH5 =NCHa I 
CsH,, 

H 

I + AgHO = Agl + N^^2j];'^^'0. 



I shall not leave the fact unmentioned that Paul Thenara 
had discovered the organic phosphorus compounds in 1S451 
but that these only received their correct explanation now." 

Of other investigations, carried out at the beginning of the 
fifties, which contributed to the establishment of the new theory 
of types, I mention the discovery of the acichlorides by 
Cahours ; ■'*' that of the anhydrides of monobasic acids by 
Gerhardt; Williamson's researches on dibasic acids; and, 
finally, the preparation of the acid amides of Gerhardt md 
Chiozza/'"'' 



*< Annalen. 66, 129 : 67, &l, 129 ; 70, 129 ; 73, iSo ; 74, i, 33, "7' 
7S. 356; 78, 253: 79, II. ■* Comptt's lientlus. ai, 144; 25, ^ 
" Compare I'rankbnd, Annalen. 71, 215. "' Ibid. 70, 39. Liebigiini 
Wohler had prepared benzoyl chloride and benioyl-amide twenty ftaii 
liefore ; see Annalen. 3, 249. "'■' Com^tes Rendus. 37, S6. 
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Gerfaardt had at once grasped the bearings of WittJamstWrt's 
restigaticns^ and was only able to perceive in them confirwsk- 
m of d»e TOWS already upheld, at an earKer date, by hiuv*s>lf 
«I Lament, bat never stated with the same precision.** Ht> 
Tceived that Williamson's reaction for the formation t>f eth<?r 
'ght also be applied to the monobasic acids, and that thv 
ides or anhydrides of the latter should be obtainal in this 
ly.** The experiment succeeded, and thus it was rc«'rvi>il 
r Gerhardt, who, as well as Laurent, had deniwl the t>xist*'iu"c 
anhydrides of monobasic acids, to disprove this view by hist 
Ti experiments. He had, it is true, previously only slati'U 
e impossibility of withdrawing a molecule of water from {AW 
olecule of acid, and this statement still held ; for he nhowoU 
at two molecules of a monobasic acid are ulwayH eoneerned 
the formation of the anhydride, and the proof was furi\iNl\eil 

Williamson's method. By treatment of potaniiuiii lut'lttlu 
th acetyl chloride, Gerhardt obtained acetic onliydride ; 

*^="'^ } O + QH,0C1 = ^^}Jj^ } O + K( :i, 

d by employing benzoyl chloride he obtained the inlermiuliHie 
hydride of benzoic and of acetic acid* ;- 

QH,o I Q ^ c,H,OCl - 9JJ|2 } O -f- K< :i, 

Before turning to the researches carruul mil joinlly l/y 
irhardt and Chiozza on the anhydrirle* an/l nm'uUm of (IIImdM 
ids, I must give an account of the C)fvj:\iiuitt wlii'li WillJMiM 
1 introduced concerning thoK; acid*, wiusfify iIm; ♦l)»(«|i(« 
s given that led to these rt*earche», 71)/? f.nuiiK^nh vAivU 
Uiamson gave in 185 1 (that w, a year aft/rr hi* ftmi. ntVi-M) 
ion on etherificadon) to the view* aJf<3ii/Jy it/nv4 Ml, w»* ah 
remely important orve^ Even if « amy {Moitni/H iM- fit'ui tlM 
his previous puWkalkxK bt hsm»A i//«i»4* *ii* VM;** '4 
irent and Gedjardt, a»d »w*dy '/^^urutt-A tij<*<: t/^ tm-^tn 
[lew, although certari)) ju'/st «it3';iwy«: '^/.j^a^itturoU, ^m u^/W 
ears in a perfectly io4*5«rjd^jrt aft^ '/fJj^«4>J iMM>»i>f. 

» See his daini ; Annaleti. ft, *^. '•* A**, <'Jom, \^\^> W' **" 
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Williamson shows how the existence of dibasic acids depends 
upon the presence of radicals with basicity greater than one" 
The formation of the substituted ammonias, in the reaction 
discovered by Wurtz, which he formulates : — 

gives him occasion to express himself as follows : — " One atom 
of carbonic oxide is here equivalent to 2 atoms of hydrogen, 
and by replacing them, holds together the 2 atoms of hydrate 
in which they were contained, thus necessarily forming a 

bibasic compound, ^ „ ' Oa carbonate of potash." 

By further assuming that carbonic oxide can double its 
atomic weight, without alteration of its basicity (or equivalence), 
he obtains in QO^ the radical of oxalic acid, and is able to 
represent the formation of oxamide by means of the equation :— 

(QH5)3 ^ 4. N H H — 2I ^^» O I -I- (^*^)s 
(C0)2 "=i + ^'!"i!rt4-2^ H "/+ n,h; 

The conception of sulphuric acid as a dibasic hydrate of 
the radical SO3 is highly important, and the experiments which 
Williamson carries out in support of this view, are most inter- 
esting. Besides the known chloride SO2CI2, which Regnault 
had prepared from sulphurous anhydride and chlorine,** he 
succeeds in isolating also chlorosulphonic acid, by treating 
sulphuric acid with phosphorus pentachloride."^ 

Thus : 

^ CI 

O SO 

SOj + PCI5 = ^V? + POCl, + HCl. 

H " 

By means of this experiment he disproves the view of Ger- 
hardt, in accordance with which the formation of the anhydride 
is always supposed to precede that of the chloride in the case 

»' Journ. Chem. Soc. 4, 350. » Ann. Chim. [2] 69, 170; 71, 445- 

'^ Proc. Roy. Soc. 7, 11 •, Anna.\evi. ^,2^. 
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of dibasic acids. '^ Thus Gerhardt, conjointly with Chiozza, 
had pubhshed, in June 1853 (and thus half a year before this 
last fxiper of Wilh'amson's appeared), investigations on the 
derivatives of dibasic acids, and especially on anhydrides and 
chlorides, in which he thought it was shown, amongst other 
things, that the first action of phosphorus pentachloride con- 
sists in the removal of water, and that it is only in the second 
stage of the reaction that a substance containing chlorine is 
produced. Gerhardt and Chiozza arrived at this time, however, 
at very important results ; they regarded the dibasic anhydrides, 
for the first time, as water in which both the hydrogen atoms 
are replaced by a single radical, and they also showed how to 
prepare succinyl chloride and similar chlorides. In two sub- 
sequent papers'* they deal with the investigation of the amides 
corresponding to the polybasic acids. They show that these 
are either derived from two molecules of ammonia which are 
held together by the replacement, by a dibasic radical, of one 
atom of hydrogen in each, or that they may be derived from 
one molecule of ammonia. The amid-acids correspond to the 
mixed type NHj+H,,0, which can only be produced by the 
polyatomic acid radical entering the molecule ; and the earlier 
statement of Gerhardt that only dibasic acids could give rise 
to the formation of amid-acids is thus explained. 

By these and similar experiments, but especially by adojit- 
ing the ingenious conclusions that Williamson had drawn from 
his investigations, Gerhardt is able to establish a complete 
classification of organic compounds according to a new 
principle,"" and he expounds this classification in the fourth 
volume of his excellent Hand-book. 

An important point in Gerhardt's system, consists in his 
showing the connection between substances of opposite char- 
acter by means of intermediate substances. 

Unlike the dualists, he does not contrast such substances 
as potash and sulphuric acid as absolutely opposite in character, 



" Coraptes Rendus. 36, 1050. "" Ibid. 37, 86 ; 38, 457. 
Traits de Chimie ocganique, 4, quatri^me paitie. 



<» Geihordt, 
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but he connects them by means of transition compounds, and 
thus obtains series in which he arranges substances. In arrang- 
ing these series he makes use of two generalisations, of which, 
however, one does not originate with himself. In 184*, 
Schiel had pointed out"' that the alcohol radicals form a series 
whose separate members differ by «. CH^ and that the corre- 
sponding alcohols show a difference in boiling point of 18° for 
each CH, as H. Kopp had already proved in the case of ethyl 
and methyl compounds.''- In 1843, J-'umas showed"' that the 
fatty acids also possess, amongst themselves, the same differ- 
ence in composition. Gerhardt now employs this very striking 
regularity, which, as is well known, occurs amongst very many 
organic substances, and calls the compounds which differ by 
«. CH5, homologous. It had been found that such compounds 
possess great similarities to one another, and that their 
physical properties slowly and progressively change. This 
had especially appeared from Kopp's detailed and excellent 
investigations.''' Gerhardt establishes, further, the idea of 
isologous compounds : these substances are also chemically 
similar but their difference in com[)osition is not n. ("Hj. 
.'\cetic and benzoic acids are well-known examples belonging 
to this class of substances. 

The homologous and isologous series constitute the one 
part of Gerhardt's classification ; the other part is represented 
by the heterologous series. All substances are referred to tiie 
latter which can be obtained from one another by means of 
simple reactions (by double exchange); these substances are 
allied in their mode of formation but they are chemically 
difTerent. (Gerhardt very appropriately regards this arrange- 
ment of the compound.s as similar to a game of cards which is 
based upon the colour as well as upon the value of the sefwrate 
cards. Just as in the latter every card which is wanting is 
characterised, by its vacant place as of a certain value and of a 
certain colour, so the chief properties, the formation, and the 

"' Annalen. 43, lo?. "- Iljid. 41, 79. '" Ibid. 45, 330. ** IWd. 
41, 169; 50, 71 ; 55, 166; 64, 212 ; 92, I ; 94, 257 j 95, 121, 307! 96. 
/, '53> 303 i 98, 367 ; 100, 19, eve. 
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^decomposition of ihe terms which arc wanting in the chemical 
classification can be stated beforehand. 

II Gerhardt compares the members of one and the same 
teteroiogous series (representative, therefore, of the various 
pmologous and isologous series) with four very minutely 
tudied inorganic substances, as prototypes, viz., water, hydro- 
chloric acid, hydrogen, and ammonia ■ all compounds of 
hydrogen. A substance which was to be regarded as belonging 
^^ one of these types, was necessarily capable of being con- 
^fcived as derived from it by the replacement of hydrogen 
atoms by radicals. Thus (}erhardt refers alcohols, ethers, 
acids, anhydrides, salts, aldehydes, ketones, etc., to the water 
^K>e, and to this type there also belong the mercaptans, sul- 
^^ides, etc. The latter really correspond to the type of 
sulphuretted hydrogen, but this is merely a subdivision of the 
water type. Chlorides, bromides, iodides, and cyanides are 

P~ferred to hydrochloric acid. Ammonia was the prototype of 
e amines, amides, imides, and nitriles, as well as of the 
corresponding phosphorus compounds. Finally, the hydro- 
ca,rbons, the alcohol radicals and the radicals containing 

Hpetals were referred to the hydrogen type, H^. 

^^ The great step had, accordingly, now been taken ; radicals^ 
bad been introduced into the niethanical types of Regnault_ 
and uf Dumas, If we look back nml inquire to whom we are 
chiefly indebted for this excellent extension of the earlier theory 
of types, the names of Laurent and of Wurtz especially deserve 
to be mentioned. As early as 1846, the former had referred 
alcohol and ether to water; three years later, Wurtz discovered 
diTiylamine wliich Tie regarded as a substituted ammonia. This 
view met with acceptance all the more rapidly that the simi- 
larity between the two substances is so startling."-* I shall not 
omit to observe here again, that the conception of the radical 
was now adopted in the sense in which Gerhardt had defined 

" With respect to the share which Hunt look in the development of 
the theory of Ijfws, compare Hillinian's Journal [2] 5, 265 ; 6, 173 ; 8, 92 ; 
9, 65 ; also Phil. Mag. [4} 3, 392. His claim is printed in Comptes Rcndus. 
52, 247, and the reply of Wurtz in Kcpert. de Ch\mie •pute. ^, ^\%. i 
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it in 1839. Radicals were residues of compwunds, i.e., ihey 
were atomic groups which, in certain reactions, could be tnss- 
ferred, undecomposed, from one substance to another ; they did 
not, however, on this account at all require to exist indepen- 
dently, and they were only intended to express the relation in 
which elements or atomic groups are replaced.*' 

The formula which are thus obtained for compounds, do 
not indicate the arrangement of the atoms ; they are merely 
reaction formula, which recall a series of analogies. It can 
thus be understood how Gerhardt could imagine several radi- 
cals and several rational formulas in the case of the same sub- 
stance. The determination of the true constitution of substances 
appeared to him a task not capable of accomplishment, since 
modes of formation and of decomposition can alone lead to a 
judgment respecting it, and the multiplicity of these does not 
jjerniit of any conclusion as to the arrangement of the atoms. 
Thus, for example, barium sulphate is formed from sulphuric 
acid and baryta, from sulphurous acid and barium peroxide, and 
Ijesides, from barium sulphide and oxygen. The constitution 
of the salt might, therefore, be represented symbolically by 
means of the three formulae ; — 

Ba^O + SO„ Ba,0.,-f SO.J, Ba,S-(-0/' 
(0=i6, S = 32, Ba=68.5). 
By means of this single example Gerhardt considered himself 
able to prove that all endeavours directed towards the repre- 
sentation of the arrangement of the atoms by means of symbols, 
must lead to nothing. 

With Gerhardt, reactions are double decompositions; and 
here the contrast is seen between his system and the dualistic 
system, in which all compounds are conceived as formed by 
additions. Gerhardt goes so far as even to assume a double 
decomposition, or as he calls it, a typical reaction, when two 
molecules unite to form a single one. Thus ethylene chloride, 
according to him, is produced from olefiantgasin consequence 
of the substituting action of chlorine. The chloride CjHiCl is 

* Gerhardt, Traite de ChimVe Qtg,an«\vie. v S^g. °' Compare p. i77- 
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ormed, and this remains united with the hydrochloric acid 
vhich is produced simultaneously.** 

The general arrangement and the comprehensive character 
)f Gerhardt's system leave nothing to be desired. Even 
ilthough our views have been considerably changed and cleared 
ip since that time, and although we are compelled, from our 
)resent standpoint, to look upon the types as insufficient, still 
xerhardt's services to chemistry can never be questioned. Un- 
brtunately he was not long able to congratulate himself on the 
icceptance that his admirable Hand-book met with, as he died 
ihortly after its completion. 

^ Compare p. 149. 



LECTURE XII. 

Mixen Tyi'Es— Relation between Kolbe's Views and the Coitl* 
OF Berzelius — Radicals containing Metals— Conjugattc 

RADICAI^— KOLBE AND FrANKLAND AND THE ViEWS REnAKDIW 

Types— POLYBAsiciTV as an Kvidence for the AccuraCT of 
THE NEW Atomic Weights — Discovery of the Polyatomic 
Alcohols and Ammonias. 

I again desire to direct attention to the theory of types in the 
form in which it had been established by CJerhardt. The latter 
had divided organic substances into natural families, if I may 
so express myself, represented by the four types, water, hydro- 
chloric acid, ammonia, and hydrogen, which were also calle<l 
by him tyjjes of double decomposition. In this connection it 
must be pointed out that Gerhardt assumes the existence ol 
conjugated radicals, so as to be able to include substitution 
products also in the types, and " to connect with one another 
several systems of double decomposition of a substance."' !■<" 
this purpose he employed, in part at least, the same mode of 
regarding substances as Kolbe, an exposition of which I ha« 
still to give. 

It must now be pointed out that the conjugated compounds 
are no longer considered in the sense previously stated by 
Gerhardt ; and not only has the name of the "corps copules 
been changed into "corps conjugcs," but the signification of 
the thing itself has been altered. The law of basicity, already 
discussed in detail, no longer finds any application ; '\ moiw^ 
basic acids can now give rise toconjug ated compound s by 
interacting with neutral substances; and to this class of con- 
jugated compounds there arc now reckoned all the substancM 
produced by substitution (acids especially), and consequently 



' Gerhardt, Trails. 4, 60^. 



■* Cova^ic p. 183. 
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tibstances obtained by the action of chlorine, bromine, 
e, nitric acid, sulphuric acid, etc., upon organic materials, 
rdingly, the conjugated radicals were, as we should now 
substituted radicals, and they embraced, besides, the 
ic groups containing a metal, such as cacodyl, etc. 

fhilst Gerhardt placed chloracetic acid - V i O, picric 

:aH.,(NO.,)s JQ sulphobcHMic acid ^•"^^^^-'i^^ ) 0.„ etc. 

5 class of substances, other chemists, Mendius for example,^ 
cared to call substances of the latter kind conjugated ; 
eas others still, such as Limpricht and Uslar,'' would 
I wished to see almost all organic compounds placed in 
iategory. A discussion look place in connection with this 
!ct which ended with the introduction of the mixed types 
:he abandonment of the conjugated compounds. 
Jerhardt had already referred the amid^acids, which he 
;s in his text-book amongst the "aci des conjup i^s." to the 
ammonia + water ■'^ in 1853. ^Returning to this idea, but, 
le same time giving it an important extension, Kekule 
s, in 1857, upon the assumption of mixed types, how a 
iction between conjugated and other compounds becomes 

(unnecessary.^ The possibility of this hypothesis rested 
the conception of the polybasic radicals introduced in 
by Williamson, and by means of this conception it be- 
: comprehensible how two molecules, previously separate, 
be united into a single one. Williamson had explained the 
^ together of two molecules of water as depending upon 
tature of the radical S{\, and in this way the condensed 
STtrOSe. _ICekulu_employs this view in establishing the 
ptypes." With respect to this he expresses himself as 
rs : — " A union of several molecules of the types can only 
when, by the entrance of a polyatomic radical in place 



bnalcn. 103, 39. 
lien. 104, 129. 



Ibid. 102. 239. 



' Compare p. 215. 
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of two or three^toms of hydroge n^, a cause isfiirnished for the 
holding of these molecules together." Since an unlimited 
number of heterogeneous molecules may unite in this manner, 
even the most complicated compounds could be referred to 
types. There was thus no longer any necessity to have re- 
course to conjugated compounds, and Kekuld further points 
this out : — "The so called conjugated compounds are not com- 
posed in any manner different from other compounds; they 
can be referred in the same manner to types in which hydrogen 
is replaced by radicals ; they follow the same laws with respect 
to their formation and saturating capabilities as hold for all 
chemical compounds." 

With a view to facilitating a better comprehension of 
Kekuld's ideas, I give below a few of the formulae proposed 
by him: — 



C«H, 



SO, 



H 

referred fH 



H 



r^O to 






^«!^4 referred /HJ 

o tm 

HJ 



HI 



SO,. 
CeH,} 



^ O 
SO2I" 

SOJQ 

h}o 



Benzene sulphonic acid. 



referred \H|n 

to (Rr 

IHlo 
Hj" 

Sulfobenzide. Nordhausen sulphuric idd' 



H 
C2H40 



S0..{" 

so,|o 



H 

c,h,o\q 



SO, 



h}o 



referred 
to 



H 
H 

H 

fH 






etc. 



Isethionic acid. Carbyl-sulphate. Sulfobenzoic acid. 



The way in which Kekuld employs.the reaction wi th penta- 
chloride of phosphorus, in order to distinguish from e ach other _ 
the types H2^ and HgO, is interesting, and I shall mention it 
here in passing. Kekule points out how the oxygen in water 
is replaced, by means of this reagent, by two atoms of chlorine, 
whereby the molecu\es coites'powdm^ to this type are broken 
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p, whilst those deducible from the hydrogen type are pre- 
erved : — 



-'2 5 

Ethyl sulphuric acid SO,^ "^ gives S0»C1 



21 
HCl 



CfMa C«H. 



rhile benzene sulphonic acid SOolp. gives SOaCl 

Hj" "HCl 

It was by means of the theory of mixed types (the last 
onsequence of this mode of regarding substances) that Ger- 
lardt's system first attained that uniform character in which it 
lominated organic chemistry for several years. But after the 
lea of the types had been recognised," they themselves became 
innecessary. The theory o f types was only a formal con- 
eption, which lost its importance as soon as its real teaching 
ad beeri graisped. It had been necessary, however, for the 
rigination of the views as to atomicity then in process of 
evelopment. Particularly active in this connection were 
V^illiamson, Wurtz, Odling, and especially Kekuld — that is to 
ly, the chemists who had already taken an important part in 
stablishing the theory of types. Simultaneously, however, 
uch important services were rendered, from an altogether 
ifferent side (that is, from the opponents of Gerhardt and 
uccessors of BerzeUus), both by means of theoretical specula- 
ions and of experimental investigation, that before we turn to 
he theory of atomicity and the views arising from it as to the 
nutual relations of the atoms, we shall look more closely at 
he labours of that school which had sprung up from the ruins 
if the system of Berzelius. 

In doing so, I may be permitted to go a long way back and 
tate t he facts which, in my opinion, led froni . the copulse of 
Jerzelius to the important views of Kolbe. 

" Magnus had shown, at the beginning of the fourth decade 
)f the century,* that the salts of ethyl sulphuric acid, dried 



' Ann. Chim. [3] 44, 304 ; compare also Hunt, /<>(, at, ' Pogg- 

Un. 27 267. 
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M naow orer mlpboric acid, oonespond to the old fonnala of 
Serolhs,* C,H, + jSO,+ MO + H.O [C=ia, 8 = 32, 0=i6\ 
Liebig confirmt^d this,'* and was thereby led to pronounce 
ethyl sulphuric acid isomeric with isethionic acid." He found 
vefjr cssentiaJ differences, however, in the beha%-iour of the wo 
adds towards potassium hydroxide. Whilst the former acid 
was converted, on simply boiling with this reagent, into alcohol 
and potassium sulphate, the latter acid was only decomposed 
on fasion with it and gave rise to the formation of a sulphate 
and a sulphite. This reaction induced Liebig to assume the 
existence of dithionic acid in isethionic acid. Berzelius, who 
adopted Liebig's \iew, employed it in arranging into two classes, 
the substances produced by the action of sulphuric acid upon 
organic corapounds.'- 

Kolb c, in i84A t_tried to bring into harmony with the 
opinion of Berzelius,'* the ingenious views of Mitscherlich " 
in accordance with which (following the analogy of the ordinarj' 
acids) the sulpho-derivatives of the first class were regarded as 
compounds of sulphuric acid, and those of the second class as 
compounds of carbonic acid. He was at that time engaged 
upon an examination of the substance discovered by Berzelius 
and Marcet '^ in acting with chlorine upon carbon bisulphide. 
He fixes its formula as CCUSO^ [C = 6, = 8, S=i6] and 
calls it sulphite of perchloride of carbon. By treatment with 
potash he converts this substance into Chlorkohlennntersclnotfd- 
sdure (trichlormethyl-sulphonic acid), which, in turn, is coo- 
verted by means of the reactions of Melsens'" (that is, by the 
action of nascent hydrogen) into Chlor/ormylunterschwefelsaun 
(dichlormethyl-sul[)honic acid), ChlorelayluntersckitiefeMwt 
(clilormethyl-sulphonic acid), and Methylnntersclnftjelsisun 
(methyl sulphonic acid). Kolbe regards these compounds 



" Ann. Chim. [2] 39, 153 ; 42, 222 ; Pogg. Ann. 15, 20. '» Annilen. 

13, 28. " Compare p. 131. ''^ Annalcn. 38, I. '' Ibid. 54, M} 

" Ibid. 9, 39; Pogg. Ann. 31, 283 ; compare .ilso Mitscherlich, Lehrtmcb, 

Third Ktlition, i, 107 and 586. •'' Gilb. Ann. 48, l6t, '« Compare 

p. 171. 



yposulphuric (dithionk) acid coupled with 
.Is, and writes their formula; : — 



PjCi; 
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different 



+ SA + HO 



Chlorkohlenunterschwefelsaure. 
CjHCLj + S^Oj + HO Chlorformylunterschwefelsaure. 
C._)H._,C1 + SjOr, + HO Chlorelaylunterschwefelsiiure. 
C.jHj +S2O5+HO Methylunterschwefelsaurc. 

Lolbe succeeds in effecting the synthesis of trichloracetic 
in a similar manner, that is, by treating chloride of carbon 
chlorine in sunlight, in presence of water. In this he 
a ground for the assumption by Berzelius of the presence 
chloride of carbon in trichloracetic acid, and thereby secures 

Eportant footing for Berzelius' whole mode of regarding 
compounds. At the same time the analogy of the sub- 
-_ discovered by Dumas, with the compounds containing 
Jhur, prepared by Kolbe, is now furnished, since trichlor- 
ticacid was written, after the style of Berzelius, C2Cla+ C^O^ 
|0. It was thus a conjugated oxalic acid, whilst the others 
pconjugated hyposulphuric acids. 

Kolbe admits, as Berzelius had done previously, thereplace- 

of hydrogen by chlorine in the copula. That a substitu- 

f this kind should be possible without essential alteration 

properties, depended upon the assumption that the 

of the copula exercised only a subordinate influence 

the character of the compound. Kolbe, nojlQ-Ubt. pet- 

(what Berzelius never admitted) that he thereby adopts 

Ssential point in the theory of substitution. 

fc appears to me necessary to state distinctly that Kolbcj 

Use Frankland (who, at that time, agreed completely with 

Ws views), adopted the conception of a radical in its 

er sense. They believe in the existence in compounds of 

^in atomic groups, and are, therefore, far from admitting, 

,Gerhardt, that different radicals may be assumed to be 

t in a substance. Both Kolbe and Frankland attack the 

of ascertaining the constitution of compounds, and, 

lomg so, they essentially distinguish themseWe^ ^xqxsv 

p 
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the adherents of the theory of types who, with the exap- 
tion of Williamson,'' write reaction or decomposition formuk 
only. 

With the assumption uf distinct atomic groups in comples 
substances the idea of the possibility of their isolation wasalsu 
combined, and thus we find Kolbe and Frankland, in i8^ 
engaged in experiments which have for their aim the separation 
of radicals;''* in particular, it appeared to Kolbe extremely 
desirable to decompose acetic acid into methyl and oxalic acid, 
of which it was the conjugated compound. He succeeds in 
isolating one, at least, of the radicals '" by aid of the electrical 
current. Under the influence of this agency, acetic acid splits 
up into methyl and carbonic acid, .\ccording to Kolbe, the 
reaction took place in such a manner that the conjugated 
groups first separated from one another, and that the oxalic 
acid was then converted into carbonic acid at the expense of 
the oxygen of the water; and the simultaneous evolution of 
hydrogen appeared to confirm this view. 

The preparation of methyl cyanide by heating ammonium 
acetate with phosphoric anhydride,-" discovered a short time 
previously by Dumas, told in favour of the views of tolbe 
and Frankland, and so did the conversion of the nittiles into 
the corresponding acids, which was carried out by the latter 
chemists themselves.-' 

Upon his isolation of ethyl from ethyl iodide by means of 
zinc," it appeared to I''rankland that he had removed ff/erf 
doubt as to the accuracy of his and Kolbe's mode of regarding 
compounds. The ethyl theory was now to resume its old place, 
in the form stated by Liebig in 1835. According to Frant- 
land : "The isolation of four of the compound radicals belong- 
ing to the alcohol series, now excludes every doubt of thdr 
actual existence, and furnishes a complete and satisfactory 



'" Journ. Chem. Soc. 4, 350. '" Iljid; I, 60; .\nnalen. 65, 269- 
■" Journ. Chcm. Soc. 2, 157 ; Annalcn. 69, 257. '■" Cmnples Kcnilns- 
2S. 3^3 and 473 ; Annalen. 64, 332. -' .\niialcn. 65, zSS. ^ Jo"'"' 
Chem. Hoc. 2, 263; AnnaWn. 71, 17;. 
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3of of the correctness of the theory propounded by Kane, 
Berzelius, and Liebig fifteen years ago." -'' 

This series of investigations, carried out between 1S44 and 
1850, rehabilitated the tlicory of coijuIk^^ Even if it only 
appeared to be justified by tlie reactions in the case of a small 
class uf substances, still it was justified for the most important 
compounds, and for those, in particular, which had influenced 
Berzelius in setting up his views. Experiment had shown that 
the assumption of methyl in acetic acid, of chloride of carbon 
in trichloracetic acid, of ethyl in alcohol, etc., had a real 
foundation, and it soon appeared to be clear that the way 
opened up by Kolbe and Frankland must further lead to many 
brilliant discoveries. 

While occupied with the isolation of ethyl from ethyl iodide, 
Frankland discovered zinc ethyl,'-' a substance which com- 
manded the greatest interest on account not only of its physical 
but also of its chemical properties. After the discovery of this 
compound, the efforts of no small number of chemists were 
directed towards making it available for synthetical purposes ; -'' 
and even although all the hopes which were based upon it were 
not realised, still there are few compounds which have been 
employed in so many ways in investigations in organic chem- 
istry. Intimately connected with the discovery of zinc ethyl 
is the preparation of the other organo-metallic compounds. 
We are indebted to Wohler -" for the discovery of tellurium 
ethyl ; the antimony compounds were prepared by Lowig and 
Schweizer,-" and the tin compounds simultaneously by Frank- 
land '-'^ and liy Lbwig ; -"•' mercury ethyl was prepared by Frank- 
land,'" and aluminium ethyl was prepared by Cahours" but 
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'■" Journ. Chcm. Soc. 3, 46 ; Anniikii. 74, 6j. -* Journ. Cheni. Soc. 

297 ; Annalen. 71, 213. -'' Tebai and l-rturid, ibid. 118, I ; Wurtz, 
Cuniplcs Rcndus. 54, jS? ; Annak-n. 123, 202 ; Rkih and Bcilstt-in, iliid. 
124, 242; 126, 241 ; Alexeyoff and Huilstcin, Comples RL'ndus. 58, 171 ; 
Bullerow, Zeitschrift fiir Chtinie. 7, 385 and 702 : Fricdd and Ladenburg, 

nalen. 142, 310; Liclicn, ibid. 146, iSo, etc. -'" Ibid. 35, ui ; 84, 

-' Ibid. 75, 315. -■' I'hil. Trans. 1852, 418; Annalen. 85, 332. 

Ibid. 84, 308. ■■"' Journ. Chem. Snc. 3, 32^ r * 

" Ibid. XI4, 227 and 354. 
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first studied by Bucktun and Odling.'- Highly important was 
the discovery of potassium and of sodium ethyl which was 
made by ^Vanl^lyn,''' \vhilst Friedel and Crafts *• showed how 
to obtain silicium ethyl, etc. 

1 have intentionally referred to these compounds here 
because they exercised a distinct influence upon the further 
development of the theory of conjugated radicals. Kolbe was 
the first to explain correctly the nature of cacodyl ; he calls il 
methyl coupled with arsenic, As CHg [€ = 6];^* and even if 
we do not now employ the word " coupled," still we have in 
other respects retained thi.s view with regard to the substance, 
and our conception of the relation of the metal to the radical 
has not become much clearer. 

Kolbe has a similar way of looking at other organic com- 
pounds ; all of them contain conjugated radicals, most of them 
wHth carbon as the copula. Thus, in acetic acid and the allied 
compounds, he assumes the radical C,_, C^-H, which, following 
the example of IJebig, he calls acetyl ;"' and he wTites;— 

(C^HafCiO. HO Aldehyde, 
~ (CjHafCoOa, HO Acetic acid, 

(CjHjfCoCla Regnault's chloride of acetyl,'^ 

(C.Hsfc, ■{ ^-^ Acetamide [C = 6, O = 8]. 

Although this formula for acetic acid does not differ essfn- 
lially from thai of Ber/.elius, still there was much that was new 
and valuable in the considerations underlying these synilwls. 
For example, Kolbe now draws attention to the fact that the 
four carbon equivalents of acetic acid (equivalents in Gmelins 
sense) do not really possess the same function, but that two of 
them are contained in it in the form of methyl, while the other 
two serve as a point for engaging the affinity of the oxygen. 

The formulas of the other fatty acids are obtained from that 



'^ Proc. Roy. .Soc. 14, 19; Annalen. Supplementljiirnt 4, 109. ^ Vmc- 
Rcjy. .Soc. 9, 341 ; Annalen. 108, 67. '■'* IW\'\. 127, 31. * Ibiil. JS< 
211, and y6, I. * Compare v*' IJI- '^ Annalen. 33, 319, 
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acetic acid by replacing the methyl by ethyl, propyl, amyl, 
etc., while in benzoic acid the radical phenyl occupies the place 
of the methyl. In general, Kolbe employs the so-called liomo- 

^bgous and isologous radicals as equivalent 10 one another, just 

Bl Clerhardt had done. 

The radical ethyl is assumed in alcohol, which Kolbe 
writes {C^Hr,)0, HO, as Liebig also did, only with different 
atomic weights ; on oxidation it splits into C^Hj and CjH.^ 
and the latter is then converted further into C.,0.,. This 
explanation is complicated in comparison with the one given 
by Williamson, but still it afterwards led to important con- 

^dusions (see p. 237). 

H Kolbe formulated Leblanc's monochloracetic acid,^ and 
i)umas' trichloracetic acid 

K H0(C, I ^1 J )Cj, O, and HO(CXl3)Co,03. 

The formula; become much more complicated in the case of 
the products obtained by the action of sulphuric acid upon 
organic acids, where the mode of writing them ajtproximates 
to that proposed by I )umas and I'iria for the "acides conjuges."*-" 
jlphacetic acid, for example, becomes 



2 HO JC, 



H., 
SO., 

so: 



C.„ O, 



1 



Kolbe is still undecided at this time as to whether he should 
admit the existence of dibasic acids, and he, therefore, retains 
the old formula". .'Vccordingly, oxalic acid i.s HO, COj, and 

« acinic acid is HO, (C^H^,)CjOj,. 
I It is also worthy of mention that K olbe assumes radjcais 
ntaining oxygen in anisic and in .salicylic acids, and that he, 
tTierefore, no longer agrees with Berzelius upon this point. 

In addition to the conjugated metallic radicals and carbon 
radicals, Kolbe also recognises radicals containing sulphur, 
and thus the analogy, already noticed, between the ordinary 

" Ann. Cbim. /jj lO, 212. * Anna\en. ^, 6b. 
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and ihe sulphn-acids, is preserved. Thus, we have, for 
example, 

HO(C,,Clays,„ O, HO(C.,Cl3)C., 0;,. 

Chlorkalilenunterschwefelsiiure Clilotkohlenoxalsaure 

(Trichlormethyl-sulphonic acid). (Trichloracetic acid). 

The paper of Kolbe referred to here forms the complete 
foundation of a chemical system, from which I have only been 
able to select the most important parts. In it the attempt is 
made to maintain the radical theory, but the fundamental 
conception of this theory has undergone important changes. 
Thus the capability of radicals to undergo substitution was 
now necessarily admitted, and, with this admission, the radicals 
ceased to occupy an exceptional position. Besides this, the 
conjugated radicals had been tacked on to the theory, and 
these had not been by any means sharply defined. 

Kolbe tries to rescue the electro-chemical theory, but he is 
obliged to make very important admissions to the opponents 
of Uerzelius. Opposite electrical conditions are still supposed 
to exist between the constituents of a compound ; but which 
is the positive and which the negative constituent remains 
undecided, simply because Kolbe assumes that the same 
element may possess different electro-chemical properties— an 
assumption for which justification is found in the e.xistence of 
elements in allotropic conditions. But the very admission 
which Kolbe makes, becomes the central point of the con- 
troversy ; and it is only demonstrated anew that the theor)' "^ 
Berzelius, in the old form, is no longer tenable. 

In addition to Frankland, Kolbe had only a few special 
adherents, and when the former made important changes in 
the notions with respect to coupling, in 185 2, K ojbej Jjaving 
regard to the facts, was obliged to modify his views. The 
new hypotheses which he advances, now approach much more 
nearly to the notion of types, even although his moile of 
naming and of formulating substances is peculiar to himself. 
As regards its fundamental principles, the system of Kolbe 
ranks below that proposed by Gerhardt, particularly because 
it does not conlain any dvsUnctvou \it.Wt«;u molecule, atomi_ 
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and equivalent; but still it also possesses over the latter 
"System, certain advantages which are to be found especially in 
the greater importance that is attached to the formula;, and in 
the breaking up of the radicals containing carbon into simpler 
ones. 

I have just pointed out that, in Kolbe's opinion, the radical 
{or element) with which a substance is conjugated has only 
a subordinate influence upon the nature of the compound ; 
Frankland attacks this doctrine in 1852,'"' and he succeeds in 
convincing Kolbe that it cannot be maintained. 

Frankland justifies his views by reference, especially, to the 
radicals containing metals. In the coupling of ar.senic with 
methyl, the former, according to Frankland, changes its saturat- 
ing capacity. Whilst it possesses in the free state, the capacity 
for uniting with five atoms of oxygen, the highest stage of 
oxidation of cacodyl contains only three atoms of this clement. 
The remaining organo-metallic compounds give occasion to 
similar considerations, and in consequence Frankland is led 
to make the following important observations: "When the 
formulae of inorganic chemical compounds are considered, 
even a superficial observer is struck with the general symmetrj' 
of their construction ; the compounds of nitrogen, phosphorus, 
antimony and arsenic especially exhibit the tendency of these 
elements to form compounds containing three or five equivs. 
of other elements, and it is in these proportions that their 
affinities arc best satisfied ; thus in the ternal group we have 
NO,,, NH.^, NIa, NS3, P0„ I'H.„ PC1.„ SbO„ SbH^, SbClj, AsOj, 
AsHj, AsCla, etc. ; and in the five-atom group, NO,,, NH4O, 
NHjI, PO-,, PH^I, etc. Without offering any hyjiothesis re- 
garding the cause of this symmetrical grouping of atoms, it is 
sufficiently evident, from the examples just given, that such al 
tendency or law prevails, and that, no matter what the character 
of the uniting atoms may be, the combining power of the 
attracting element, if I may be allowed The" Term, ts always 
satisfied by the same number of these atoms. It was probably 

*' riiil. Tnins. 1852, 417 ; Annalen. 85, 319. 
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a glimpse of the operation of this law amongst the more com- 
plex organic groups, which led Laurent and Dumas to the 
enundation of the theory of types ; and had not those distin- 
guished chemists extended their views beyond the point to 
which they were well supported by then existing facts — had they 
not assumed, that the properties of an organic compound are 
dependent upon the position and not upon the nature of its 
single atoms, that theory would undoubtedly have contributed 
to the development of the science to a still greater extent than 
it has already done ; such an assumption could only have 
been made at a time when the data upon which it was founded 
were few and imperfect : and, as the study of the phenomeni 
of substitution progressed, it gradually became untenable, and 
the fundamental principles of the electro-chemical theory again 
assumed their sway. The formation and examination of the 
organo-metallic bodies promise to assist in effecting a fusion of 
the two theories which have so long divided the opinions of 
chemists, and which have too hastily been considered irre- 
concilable ; for, whilst it is evident that certain t)'pes of series 
of compounds exist, it is equally clear that the nature of the 
body derived from the original type is essentially dei^endenL 
upon the electro-chemical character of its single atoms, aiid 
not merely upon the relative position of those atoms."'" It is 
then pointed out, in conclusion, how "Stibethin furnishes us, 
therefore, with a remarkable example of the operation of the 
law of symmetrical combination above alluded to, and shows 
that the formation of a five-atom group from one containing 
three atoms, can be effected by the assimilation of two atoms, 
either of the same, or of opposite electro-chemical character."'" 
Frankland, consequently, gives up the idea of couplingi 
and now regards cacodyl as sulphide of arsenic in which both 
sulphur atoms are replaced by uiethyl. He had now adopledi 
although in a somewhat different form, the theory of tj'pes, 
and if he considers that he really differed from the decided 
adherents of this theory, inasmuch as he did not assume, with 



■" Phil. Trans. 1852, 441 : .AnnakTi. 85, 368. 
442: .-Inna/en. 85, 371. 
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em, " that the properties of an oifanic compound are de- 
ndent upon the p»osition and not upon the nature of its 
lingle atoms," I cannot altogether agree with him in this, 
ince the investigations of Hofmann " on substituted bases, 
the idea of substitution was no longer held, even by Laurent, 
in the absolute sense in which the latter had at one time stated 
it.*'' The chlorinated ethers previously prepared by Malaguti ** 
K>uld not by any means be brought into harmony with com- 
ilete invariability of the tyf>e ; and when Williamson referred 
ither, alcohol, and acetic acid to the water type, it was plain 
hat he used the word type more in the sense of the mechanical 
han of the chemical types. 

By this paper of Frankland's the first step was taken in 
he approach towards one another of the heretofore sep.irated 
hools, and the way to a mutual understanding was provided, 
t was destined to lead to a fusion of the different opinions, 
ut of which the theor)' of valency then arose. The change 
>f opinion on the part of Frankland was a gain to tlie su[>p<irtcrs 
f the theory of types, since he brouj^ht with him novel ide.ns 
'hich were capable of being turned to excellent account. I 
lo not assert that they might not themselves have been able 
ndependently to make the last great advance— that is, ihe 
tep to the classification of the atoms according to Iheir vaii'dtv. 
n the way in which the development actually took |)lai'i', the 
nfluence of Kolbe, and more particularly thiit of l''rankl.ind, 
ipon the supporters of the (lerhardt-AVilliarason schiiol (Wiirl/., 
ekule, and Odling) can hardly fiiil to lie recognisi'd. Itoth 
hools were required, in order to raise the sigiiilicancc ol 
he formulx to what it subsequently became ; especially an 
Williamson, the only one who desired, even at that time, 10 
rite anything more than decomposition formula-, withdrew 
rom the further development of chemistry. 

It may now be expedient to explain at oiict- ilu' Iransilion, 
r which the way had been pre])ared by I'Vankliirul, I'l'ont I' 
leor)- of copulfe to that of types ; ami then, wlirn I i>' 

*' Annalen. 53, i. ** Comples rendiis pur I..iiirrnt i-l ilciliimU, 1 
A nil a If 11. 24. 40: 5(5, 26S, 
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uf>on the consideration of atomicity and of structural formuLt, 
I shall only net-d to refer to Kolbe's views, and shall be the 
better able to point out the influence which he exercised. 

It was not an easy matter for Kolbe to follow Frankland in 
his most recent developments ; to assume that the affinity of 
the elements is always satisfied by the same number of atoms 
without regard to their chemical character amounted to giving 
up the electro-chemical theory altogether, and to admitting 
that the electro-chemical nature of the elements was without 
influence upon the formation of compounds. Kolbe was not, 
at first, able to reconcile himself to this.^" In his Text-book, 
while recognising the premises of Frankland's arguments, he 
endeavours to combine these with the electro-chemical prin- 
ciples by means of new hypotheses ; *' and it is only in 185; 

*• Kollie, Lehrbuch dcr Chemie 1S54, I, 20 it sey, 

*' As cridence for this slaleiuent, which Kolbe allacVed as eironeoiH 
(J. pr. Chem [2] 23, 365). I quote the following passage from Knibo's 
T^hrbuch. I, 23 : — " Franklaml fell himself justilied in concUiiling from 
this that in cacodyl, stilnnelhy), slannethyl, etc., a real replacenienl "I 
diflTercnl oxygen atoms liy the same numlwr of atoms of methyl or ethjl 
takes place ; in other words, that cacodylic acid is arsenic acid which con- 
tains two atoms of methyl in place of two atoms of oxygen, and thai osiJe 
of slannethyl must l>e regarded as composed according to the rational formula 

ij ', in which the substitution of one atom of oxygen by one atranuf 

ethyl is c\'idenl. However little it is possible to agree with this opimoOi 
there can still lie no doubt that a regularity does prevail here. The ciicttm- 
stance is perhaps deserving of attention, that, as is well known, those veiy 
elements which stand next after potassium in the electro-chemical series— 
that ts, the metals of the alkalies and of the alkaline earths— unite nilh 
oxygen in but few proportions ; whereas those upon the other side, sudms 
chlorine, sulphur, nitrogen, phosphorus, etc., lake up oxygen, on the con- 
trary, in very numerous proportions. Acconlingly, when one of these 
elements by virtue of its coupling with hydrogen or with ether radiclK 
approaches more closely to pota.ssiuni in respect to its electro-chemital 
character and its affinities, its capacity of now uniting with fewer auims o' 
r/aygrn than previously, in consequence of this change of position in the 
e)«ctr<. -chemical series, may probably be found less surprising: althougnit 
may not by any means l)e explained how it comes that the number 01 
tfkltnn* of the copula and of oxygen is regularly increased up to a definil 
HUMliet." 



l.KCTURB XH.] 



HISTORY OF CHEMISTRY. 



235 



I that he adopts Frankland's views,'"' which he further develops 
iand turns to account, especially in organic chemistry. He 
' only publishes the detailed statement nf the opinions so arrived 
at, in 1859, in a paper "On the natural relationship of organic 
to inorganic compounds,'' •'•" which contains many new ideas. 

Frankland had com])arcd the radicals which contain metals 
with the corresponding oxides. Kolbe now says that "The 
chemical organic substances are wholly derivatives of inorganic 
\ compounds, and are formed from these, directly to some extent, 
' by extremely simple substitution processes." Carr)'ing out a 
suggestion made by Liebig,'" he derives the compounds of 
carbon from carbonic acid, and those of sulphur from sulphuric 
acid. The experimental bases of these opinions are the work 
partly of Mitscherlich,''' partly of himself (compare p. 22^et seq.), 
and partly also of \Vanklyn,''- who had succeeded in preparing 
prripionic acid from sodium ethyl and carbonic acid. 

Kolhe employed at this time, as well as long afterwards, the 
I atomic and equivalent weights of Gmelin, adopting at the same 
time molecular weights for the majority of compounds agree- 
able to the determinations of (lerhardt, Laurent, and William- 
son. Accordingly he writes carbonic acid C,04, and from this 
anhydride he apparently derives the organic compounds such 
' as acids, aldehydes, ketones, alcohols, etc. I say "apparently," 
for I shall afterwards show that it is not really so ; but I shall, 
in the first place, state Kolbe's system in the form in which he 
applied it. 

Tn carbonic acid, oxygen atoms are distinguished from one 
another according to whether they are within, or outside of the 
radical. The formula is therefore written (CnO.,)0.„ carbonic 
oxide being regarded as the radical of carbonic acid. When 
an atom of oxygen outside the radical is replaced by hydrogen 
or an alcohol radical, the series of the fatty acids is obtained : — 
HO, H (C.O.^) O Formic acid, 
HO, CjHg (C.,oJ O Acetic acid, etc. 
^en the .second oxygen atom also is replaced by an alcohol 

' Annalen. 



loi, 257. 



' Ibid. 113, 293. '■« Ibitl. 58, 337. 



Ibid. 



^'Journ. Chcm. Soc. II, 103; Annalen. 107, 125. 
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radical, a ketone is formed, and when it is replaced by hydrogen 
an aldehyde is formed : — 

P TT C^.O.j Aldehyde ; /-'"tr^JC.jOj Acetone. 

By the replacement of three atoins of oxygen by three of 
hydrogen, or by two of hydrogen and a radical, the alcohols 
are obtained : — 

HO H3 C.,, O Methyl alcohol. 

HO .. u- ! C„ O Kthvl alcohol, etc. 

If this mode of deriving substances is more minutely 
examined, we recognise that Kolbe's procedure is not altogether 
justified. By the replacement of an atom of oxygen in carbonic 
acid by hydrogen, HC^Oj, is obtained, and not formic acid 
Kolbe simply adopts from the dualists, the error of sometimes 
adding HO to the formula, and sometimes omitting it. It is 
true that he states a reason for his doing so, inasmuch as the 
basicity of a compound (and therefore also the number of 
HO groups) is determined, according to him, by the number 
of oxygen atoms outside the radical. Thus nitric acid is nioiKV 
basic, since it is (NO4) O ; sulphuric acid is dibasic because it 
contains two oxygen atoms outsitle the radical (8204)0^; and 
phosphoric acid is trihasic (PO.,)©^. 

Since, in accordance with this mode of regarding the 
matter, every atom of oxygen outside the radical carries >rith 
it one OH group, when Kolbe speaks of the replacement of 
such an atom of oxygen, this means that + OH = 0.jHis 
substituted ; and, taken in this sense, the view can be sustaind 
in a strictly logical manner. It is necessary, however, to start 
from the hypothetical hydrated carbonic acid 2 HO, (C^Oj) 0» 

By the replacement of 
0.,H by H we get HO,H(C.,0,.)0 Formic acid. 

QM „ QHs „ HO,{C2H3){C.p,,)0 Acetic „ 

" H ( - - 



2O..H „ H., 



20M „ (c,,H,).,„ eS^j^^^-i 



Methyl aldehyde, 
Acetone, 
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OjH by H andofOabyH, HO.HgCipO Methyl alcohol, 
O2H „ CsHg „ 0.3 „ H2 H0,^^4C2,0 Ethyl alcohol. 

On the conversion of the alcohols into the corresponding 
acids, the two hydrogen atoms are replaced again by oxygen 
equivalents. Kolbe's view is now more definite than William- 
son's. Whereas the latter assumes the conversion of the radical 

CjHj into CjHgO [C=i2], according to Kolbe, C, ,,^tt is 

produced from C2 i H . The difference is important, and 

[C2H3 
it leads Kolbe to foresee the existence of a new class of 
alcohols, which he announces as follows : — ■''' 

" If the undernoted formulae, by means of which I pre- 
viously represented the rational composition of acetic acid, and 
of the corresponding aldehyde and alcohol, are inspected — 
HO. (C2H3) [C2O2] O Acetic acid, 

^■-H'}t*^A] Aldehyde, 
HO.I^^JJ'I €2,0 Alcohol, 

it will be understood, at the first glance, how it comes that of 
the five hydrc^en atoms in the ethyl oxide of the alcohol, only 
two are substituted in the oxidation of the latter and only one 
in that of aldehyde. It is those atoms of hydrogen in alcohol 
and in aldehyde which stand by themselves that are subject to 
the oxidising influences, and that present themselves to the 
ongen as points of attack far more easily accessible than the 
other hydrogen atoms which are more firmly held in the 
metfavi ladicaL 

''The above conceptions of the chemical constitution of 
the alcobob reveal to us the prospect of the discover)' of new 
ikxJbois as yet imknown, as well as of a new class of substan<:es 
%hka. '■riiile closely related to the alcohols in respect to their 
Compijf^tiion, will also probably share many propterties with 

** AnnalcD. II3, 305-306. 



238 HISTORY OF CHEMISTRY. [LECTURRIU. 

them, but must alsu behave differently from them in many 
essential points." 

These new substances can also be obtained from carbonic 
acid or the fatty acids by substitution. 

We have : — 
2 HO (C.O..,), O., Carbonic acid, 

HO QHa (CA')O Acetic „ 

up. H 1 r n Alcohol with one hydrogen atom substi- 
^^ (CMs)., ( ■' tuted by methyl (dimethyl-carbinol), 

HO (C2H3)3 C^, O Alcohol with two hydrogen atoms substi- 
tuted by methyl (trimethyl-carbinol). 
Kolbe goes so far as to prophesy the chemical character of 
these hypothetical substances. Thus, according to him, alcohol 
with one hydrogen atom substituted by methyl must peld 
acetone on oxidation, by virtue of a reaction which is analogous 
to the conversion of the normal alcohols into aldehydes :— 

HO ^-JJ'Jc,, O gives ^-JJ^JCaO, Aldehyde, 

P H 1 
HO cittl -C.„ O gives J^^JJsJqO, Acetone. 

All these conjectures have been justified in the most brilliant 
manner, and consequently they have exercised a guiding influ- 
ence upon the development of the considerations regarding 
constitution. For this reason, I must return to them in the 
next lecture. 

Kolbe now admits the existence of polybasic acids. Dibasic 
acids are produced, according to him, from two "atoms" of 
carbonic acid by the replacement of two oxygen atoms outside 
the radical (and therefore of twice O.jH) by bivalent radials 
such as ethylene, phenylene, etc.'''* thus : — 

Succinic acid 2 HO (Q H^) [c^o'}*-*^ 
Phthalic „ 2HO (C,2H,)|^A|o,. 

''* The idea of polyatomic alcohol radicals is not due to Kolbe, but to 
Williamson and Wurtz, as the accompanying development of the subj«ct 
shows. 



LECTURE XII.] HISTORY OF CHEMISTRY. 239 

Tribasic acid.s are derived in the same way, from three atoms 
of carbonic acid, by the replacement of three oxygen atoms by 
trivalent radicals. 

Of the other highly interesting matters discussed in the 
paper, I mention only the mode of regarding the sulpho-acids, 
in which the analogy with the carbon acids, mentioned already, 
again makes its appearance. Just as the latter may be derived 
from carbonic acid, so the former may be derived from sulphuric 
acid. We have — 

2H0(S^ 0^) O., Sulphuric acid, 

HO (Cj Hg) (Spj O' Methylsulphonic acid, 
HO (Ci.H^) (SoO,) O Phenylsulphonic „ 
The dibasic sulpho-acids are produced from two atoms of sul- 
phuric acid : — 

HO (C H ^ {^■2^-i\ o Disulphometholic acid (methylene 
^ ^ i 2/ \S204/ - disulphonic acid), 

vsn ir T-r N (^■>^^ r> Disulphobenzolic acid (phenylene 
211U (.«-i2H4; (^g-Qj u. disulphonic acid). 

Besides these, Kolbe is acquainted with intermediate acids 
which are derived from an atom of carbonic acid and an atom 
of sulphuric acid ; amongst them are sulphacetic and sulpho- 
benzoic acids : — 

2 HO (C,Hj) (s^'o') O2 Sulphacetic acid, 
2HO (C12H4) (s^Q-) O2 Sulphobenzoic acid. 

This mode of regarding them furnishes a simple explanation of 
the conversion, observed by Buckton and Hofmann, of sulph- 
acetic acid (really of acetonitrile) into disulphometholic acid by 
treatment with sulphuric acid.'''' In this operation C.^O^ is 
replaced by S^O^. 

I cannot enter here upon the other jK>ints in this extremely 
important paper, but must advise that a study In; madi- of it, as 
it is full of dever ideas. It is true that there are views advanced 
in it with which I cannot rhiiii. foL^CMiDl^Kolbe did 
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mode of representing them, but it is a real fact that an atom of 
water contains two atoms of hydrogen, and only one of oxygen; 
also that the quantity of chlorine equivalent to one indivisible 
atom of oxygen is divisible by two, whereas the sulphur, like 
oxygen, is dibasic, so that one atom is equivalent to two atoms 
of chlorine.'"' 

The investigations by Frankland, of the radicals containing 
metals, and his views as to saturating capacity (compare p. 231) 
had an important influence upon the development of the theor)' 
of polyatomic radicals, as also had the interesting paper on 
salts by Odling, and the important researches of Berthelot on 
glycerine and of Wurtz on glycols. We shall consider these 
more minutely. 

Odling*" makes a distinct advance by applying the idea of 
polybasicity to the metals also, and by reintroducing molecular 
formulne for all salts, even for those of the sesquioxides, for 
which Gerhardt had written equivalent formulae. He not only 
refers the polyatomic acids to condensed types, as Williamson 
had done before him, but he is also acquainted with poly- 
atomic bases, which can be regarded in a similar way. Thus, 
for example, he writes : — 

Oxide of Bismuth bJI^JsO ; Nitrate of Bismuth ^^^^'jsO.'' 

Those metals which possess, according to Gerhardt, various 
equivalent weights, now have several atomicities assigned to 
them. Odling knows, for example, monatomic and triatomic 
iron, and monatomic and diatomic tin, whence he obtains the 
following formulae : — 

Ferric Fe./")^ ,. , ... jCJifi/'lrt 

oxide Fe/") ^3 corresponding to citric acid «jj5 * jO, 

Ferrous Fe'\^ -.-^ NO.,!/-, 

oxide Fe'r " """"^ » H/^- 

"» Annalen. 90, 314. •'» Journ. Chem. Soc. 7, I. «' Odling indi- 
cates the atomicity of the elements by means of the dashes to the right of 
their symbols. 
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His conception ofthe acids of phosphorus is likewise interesting. 
Odhng writes : — 

PO''l 



Ordinary phosphoric acid 
Pyrophosphoric acid 

Metaphosphnric acid 

PO" 
Phosphorous acid 

Hypophosphorous acid 



PA^no 

PH., 
H 



O... 



According to Odling, therefore, phosphorous acid stands to 
pyrophosphoric acid in the same relation as hypophosphorous 
acid to metaphosphoricacid. A similar relation exists between 
dithionic and sulphuric acid on the one hand, and oxalic acid 
and carbonic acid on the other : — 

co\q ao,|Q .so,\q s,o,\q 

^m K.,r-i H.j^-^ H,i^-i H,r-^ 

^^H Carbonic Oxalic Sulphuric Dilhionic 

^^H acid. acid. acid. add. 

^^f Kay, a pupil of Williamson's,"- almost simultaneously pub- 

r lished a research (obviously suggested by his teacher) which 

deserves our notice. By the action of .sodium cthylate upon 

chloroform, he had obtained an ether which he called tribasic 

formic ether, and which had been produced according to the 

following equation : — 

CH ^ CHj „ CH n _,_ NT n^ 
CI3+3 Na''^=(aH,)3 0. + 3NaCl. 

Williamson specially draws attention to the fact that the resi- 
dues of three molecules of alcohol are held together in the 
ne>v substance by the trivalent radical CH. This was the first 
example of a polyatomic hydrocarbon radical, and it was soon 
to be shown how valuable was this mode of regarding the sub- 
stance. Berthelot, occupied at the time with the •' 
of glycerine (which was completed in 185J 



"» Proc. Roy. Soc 7, 135, 
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important parts were concerned),** found the very important 
result that glycerine can unite with acids in three different 
proportions. Thus : 

Monostearine = i Glycerine + i Stearic acid 
= C,.,Hj,0,. +C3,;H3,(Oj 
[C = 6, = 8] 
Distearinc — i Glycerine + 2 Stearic acid 

= C„H,0„ +2Ci,,H;^0, 

(In the paper 2 HO is given.) 
Tristearine = i Glycerine + 3 Stearic acid - 6 Water 

= QH,0„ +3Ca,,H^A -6 HO 

Monochlorhydrine= I Glycerine +1 Hydrochloric 

acid 
= QH^O„ +HC1 
Dichlorhydrine =1 Glycerine + 2 Hydrochloric 

acid 
= C,,HsOo +2HCI 

Berthc'lot interprets these facts in the following manner:— 

"These facts show us that glycerine exhibits the same rela- 
tion to alcohol that phosphoric acid does to nitric acid. In 
fact, whilst nitric acid does not produce more than one series 
of neutral salts, phosphoric acid gives rise to three distinct 
series of neutral salts, the ordinary phosphates, the pyro- 
phosphates, and the metaphosphates. These three series of 
s.ilts, when decomijosed by powerful acids in presence of water, 
reproduce one and the same phosphoric acid. 

" Likewise, whilst alcohol only produces one series of neu- 
tral ethers, glycerine gives rise to three distinct series of neutral 
compounds. These three series, on complete decomposition 
in presence of water, reproduce one and the same substance, 
glycerine." 

This comparison between glycerine and phosphoric acid on 
the one hand, and alcohol and nitric acid on the other, is of 
great importance, even although it is unfortunately to some 



- 2 Water 
-2 HO 

- 4 Water 
-4 HO 



- 2 Water 
-2 HO 

- 4 Water 
-4 HO 



** Comptes Rendus. 38,668; Ann. Chim. [3] 41, 216; .^nnalen. 88, 
J04; ff2, 301. 
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extent impaired by taking account of pyrophosphoric and meta- 
phosphoric acids. Odling's orthophosphoric acid "'■' has neither 
the same composition nor the .same basicity as these two latter 
acids, whilst it is always the same substance, glycerine, which is 
contained in the ethers prepared by Berthelot. Wurtz was 
happier in his view of these remarkable facts, looking, as he 
did, upon glycerine as a triatomic alcohol and representing it as 

vf'' i^ii-*"^ '^^^ compounds examined by Berthelot are 

produced, according to Wurtz, by the replacement of one, two, 
and three hydrogen atoms by acid radicals. In this connec- 
tion he points out liow the monatomic group CjjH; jiasses into 
the trivalent residue C,;Hj by loss of H^. [C = 6, = 8.] 

It could not escape the notice of a clever inve.stigator like 
Wurtz that the exi.stence of monatomic and of triatomic alcohols 
necessarily involves that of diatomic alcohols, and he at once 
institutes experiments which have for their aim the preparation 
of such substances. Ywm his way of looking at the subject 
he necessarily expected a diatomic radical in the still hypo- 
thetical akohol ; the univalent group QiH- and the trivalent 
■p'oup C,jH,, rendered possible the formation of the monatomic 
^nd of the triatomic alcohols ; the homologues of C,jH|. mu.st 
correspond to the diatomic alcohols.'"' The chlorides and 
bromides which were already well known (in part, at least) 
favoured the accuracy of this view, and it was now simply a 
question of converting them into the corresponding hydroxy- 
romponnds and the object was attained. The action of the 
basic hydroxide.^ did not realise the hopes which Wurtz had 
entertained, but earlier experiences now came to his aid. 
Four years previously, he had discovered a reaction whereby a 
similar conversion could be carried out ; ''" and this reaction 
had subsequently proved serviceable in several cases.''* It was 
ow to appear that it deserved to be called a general method. 



I 



>" Phil. Miig. [4I 18, 368. *■' Ann. Chim. [3] 43, 492. ™ Compare 
Odiing, Jcium, Roy. Inst. 3, 62. "^ Comptes Rencius. 35, Jlo; 39, 335 ; 
Ann. Chim. [3142, 129. *' Zinin, Annalen. 56, 361; Cahours and 
Hofmann, ibid. lOO, 356. 
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Thus, by heating ethylene iodide with silver acetate, Wuit! 
obtained an acetic ether, which, on decomi^osition with potadi, 
yielded the desired alcohol : — 

In this way Wurtz succeeded in preparing glycol, the fiist 
of the diatomic alcohols.** He was well rewarded for the 
difficulties of the investigation, for it is seldom that the dis- 
covery of a single substance has exercised such an influence 
ujjon the development of chemistry, and seldom that a single 
compound has given rise to such a series of elegant and useful 
investigations as this glycol did. I may be permitted to justify 
this assertion by making some observations with respect to the 
comiK>unds which stand in the closest relation to glycol. 

By the oxidation of glycol, Wurtz obtained glycoUic acid 
and oxalic acid.'" The former was identical with the sub- 
stance that Horsford had prepared from glycocoU ten yeais 
previously,"' the nature of which had been announced by 
Strecker.'- In exactly the same way lactic acid is produced 

C H O ^ 

from propylene glycol.'^ Wurtz proposed "„< ^^VO^asthe 

formula of the former, regarding it, and also glycoUic acid, as 
dibasic acids."'* The discovery of ethylene oxide and of the 
jwlyethylene alcohols was also of great importance. By the 

^ 1 
treatment of glycol-chlorhydrine C4H4 - O.2,'' (obtained from 

glycol by the action of hydrochloric acid) with potash solution, 
^Vurtz obtained the ether of the diatomic alcohol, which stands 



** Comptes Kendus. 43, 199, 1856; compare also 43,478; 45.3'^' 
46, 244 ; 47, 346. '" Ibid. 44, 1306. " Annalen. 60, i. " IbM- 

68, 55 ; comi)are Socoloffand Strecker. 80, 38. " Comptes Rendos. 46, 
1228. " Strecker (Annalen. 81, 247) adopted a formula for lactkadd 
which was double the above. '' Comptes Rendus. 48, loi ; 49, 813 j S*" 
119s ! 54> '77- 
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[the same relation to the latter as the anhydride of sulphuric 
ad does to the acid : — 



C,H,0, 
Ethylene oxide. 



S,0^.0,, 
.Sulphuric anhydride. 



aj 



O4 



H., /*-'■< 

(ilycol. Sulphuric acid. 

By heating ethylene oxide with glycol, Wurtz next prepared 
fie polyethylene alcohols'" which Louren^o had obtained, a 
short time previously, from ethylene bromide and glycol.^'^ The 
importance of these substances was enhanced by the acids 
obtiiined from them by oxidation;"*' they furnished excellent 
examples of the formation of substances according to the con- 
densed types such as Wurtz afterwards so well understood bow 
to employ in explaining the silicates."" Finally, by the action 
of ammonia and its analogues, Wurtz obtained from ethylene 
oxide bases containing oxygen.*"' These substances afterwards 
became of greater interest in consequence of the synthesis of 
neurine from glycol-chlorhydrine and trimethylamine.*^ 

The adoption of ethylene as a diatomic radical furnished 
Hofniann'- with a means of correctly regarding the bases pre- 
pared by Cloez in 1853.*^^ These now appeared as substances 
derivable from two molecules of ammonia, and bearing the 
same relation to glycol that ethylamine does to alcohol. By the 
further study of these substances,**"' Hofmann succeeded in 
adducing new proofs of the accuracy of the theory of poly- 
atomic radicals, and in preparing the way to a clear conception 
of the complicated metal-ammonium compounds. 

It would be unjust if I were to close these observations 
without alluding to H. L. Buff's claim with respect to the recog- 



K 



'• Complcs Rendus. 49, 813. " Ibid. 49, 619. " Ann. Chim. [3] 
-». 3'7' ™ Repert. ile Chiniie pure. 2, 449; compare also Leyons de 
philosophic cliimique, I'aris, 1864, 181. *" Coinptes Kendus. 49, 89S ; 
53, 338. *' Ibid. (5S, 1015. ^ Ibid. 46, 255. *=* L'Instilut. 1S53, 
213 ; Jahresbericht 1853, 46S. "^ I'roc. Roy. Soc. 10, 224 and 594 ; 

Comptes Rendus. 49, 781 ; 51, 234 ; Proc. Roy. Soc. 11, 278 ; Comptes 
Rendus. 53, 18, etc. 
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nition of the bivalunce of ethylene. Buff, in a preliminary com- 
munication, several months prior lo the first publication by 
Wurt/. on the subject of glycol, and in a paper laid before the 
Royal Society one month prior to this publication, had endea- 
voured to prove the diatomic nature of the hydrocarbons 
C„H„ [C = 6].'''' By treating ethylene chloride with potassium 
thiocyanate, he had obtained a substance of the formula 
C,HjCynSj, and this, on oxidation with nitric acid, yielded 
a compound identical with Buckton and Hofmann's disul- 
phetholic acid*^ for which Buff proposes the name ethylene 

H ISA 
sulphurous acid, representing it by the formula C,Hj - 

H \s.p,. 
The formation of ethylene sulphocyanide is represented by the 
equation : — 

Cy IS, 



,Q1 



QH^Cl., -I- 2;:/ S., = C\ H.,- 
- ^ ^ - Cy |i 



-f 2KCI. 



It appears from the whole paper that Buff had recognised 
the diatomic nature of ethylene, and that, in this respect, he 
can lay claim to priority over ^Vurtz. As regards the expcn- 
mental proof of ibis view, the two investigations scircely ndmit 
of coniparison. The examination of the glycols by VVurtz is 
amongst the most brilliant achievements of the period ; and by 
its means the hypotheses as to the different valencies of the 
radicals were provided with so broad a basis that nothing more 
could be desired in this respect. Buff's experiments conformed 
to the same theoretical conceptions, but they never could have 
led to the conclusions which were drawn from the labours of 
Wurtz. 



" Annalen. 56, 302 ; Proc. Roy. Soc. 8, 188. '^ Annalen. lOO, U9- 
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Ideas kbcaedixg the Ttpks— Ei,rciDATios of the Katuke of thk 
Radicals ft the Vatesct or the Eixmests — Qtadutaixnce 
OF Caebon — Specific Volcme— CossnTmosAi, Foeitcx* — 
Sepasatiok of the Ideas of Atomicity and Basicitv — Iso- 

MEKISM AMOKGST AUXBOUS AKD ACIUS — PHYSICAL ISOMEUSM — 

Unsatckateo Substascbs. 

In the preceding lecture I showed how the views respecting 
the different valencies of the radicals and elements attained a 
great importance through the labours of AMlliamson, Frank- 
land, Kekul^ Odling, Berthelot, Buff, and Wurtz. I shall 
b^n this lecture by showing how the types can be explained 
by means of these views.' 

At the period in question Kolbe had attacked Gerhaidfs 
mode of r^ardii^ substances as an arbitrary one.- Wurtz 
endeavours to show that this is not so, and that Gerhardt's four 
tyjjes, which, in his opinion, can be reduced to three, represent 
different states of condensation of matter. Besides the hydro- 
gen typ)e Hj, Wurtz also assumes the tjpes HjHj and HjHj. 
Water, H^O, formed by the replacement of H^ by O, corre- 
sponds to the former, while ammonia represents triple condensed 
hydrogen, in which one half of this element b replaced by 
trivalent nitrc^en. Since all of these formube correspond to 
the same volume of the substances in the gaseous state, the 
view of Wurtz is fully justified. One atom of hydrogen corre- 
sponds to one volume, to one half of a volume, or to one third 
of a volume according to whether it is present in compounds 
which belong to the type H^, H^, or H^. Wurtz looks upo' 
the existence of still more highly condensed states of mat 

' .\nn. Chim. [3] 44, 306. - LehrlHich der Chemie. I, 50. 
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as possible, but he does not proceed to introduce types corre- 
sponding to these states. 

It was in 1857, on the occasion of the discussions respect- 
ing the constitution of mercury fulminate, that Kekul^' fiist 
stated that the constitution of this substance, as well as that 
of the other compounds of the methyl series, may be referred 
to the marsh gas type, CjH^; and to the latter type mercur)' 
fulminate is, according to Kekul^'s experiments, to be reckoned 
as belonging.* 

He therefore writes : — 
C^H^ QHgCl C^HCls C2(N04)Cl3 

Marsh gas. Methyl chloride. Chloroform. Chlorpicrin. 

C2(N0,).,C1, C,H3(C.,N) C.,(C.,N)(NO,)Hg, 

Marignac's Oil.' Acetonitrile. Mercury fulminate. 

A beginning had thus been made, but still the type C2H4 was 
only of very little use. So long as it could not be extended to 
all carbon compounds, there could be no question of making it 
the basis of a system of organic chemistry such as it afterwards 
actually became. The idea which rendered this possible was 
still wanting. Kekul^ had perhaps already conceived it at the 
time, and merely did not dare to publish it ; or it may be that 
the hypothesis of the linking of carbon atoms had not yet 
occurred to him. In any case, the views which he then held 
must have approximated very closely to those which he pub- 
lished in 1858 concerning the nature of carbon, for, at the end 
of 1857, when he refers the types to the different valencies 
of the elements,* he definitely mentions the quadrivalence of 

» Annalen. lOI, 200. •■ [C = 6, O = 8.] Kekul^ here employs these 
atomic weights again, whereas he had discarded them as inaccurate four 
years previously. Kolbe (J. pr. Chem. [2] 23, 374) regards as important 
the fact that Kekule then pointed out that he did not employ the word 
type " in the sense of Gerhardt's unitary theory, but in the sense in which 
it was first employed by Dumas upon the occasion of his fruitful investiga- 
tions on the types. " I consider this unimportant, more especially as Kekule 
proceeds as follows: — "I shall indicate the actual relations in which the 
substances mentioned stand to one another, by saying that, under the 
influence of suitable agencies, the one can be produced from, or converted 
into, the other." " Annalen. 38. 16. ' Ibid. 104, 129. 
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irbon ; but this is only referred to incidentally, and does not 
ad him to any further conclusions. 

At length, in the spring of 1858, the paper appears which 
IS become of such fundamental importance in chemistr)'." 
1 this paper Kekule begins to direct attention to the necessity 
r studying the nature of the elements. This alone, in his 
pinion, can lead to an explanation of the valency of the 
idicals. As regards organic chemistry, the chief part in such 
ansiderations is played by carbon ; and, consequently, the 
roperties of this element are subjected by Kekule to a very 
linute examination. " When the simplest compounds of this 
lement are considered (marsh gas, methyl chloride, chloride 
f carbon, chloroform, carbonic acid, phosgene gas, sulphide of 
arbon, hydrocyanic acid, etc.) it is perceived that that quantity 
f carbon which chemists have recognised as the smallest pos- 
ible, that is, as an atom, always unites with four atoms of a 
(lonatomic or with two atoms of a diatomic element ; that, in 
;eneral, the sum of the chemical units of the elements united 
I'ith one atom of carbon is four. This leads us to the opinion 
hat carbon is tetratomic (or tetrabasic)." The hypothesis of 
he linking of carbon atoms also appears now, and is dealt with 
n a very detailed nianner. " In the cases of substances which 
'ontain several atoms of carbon, it must be assumed that at 
east some of the atoms are in the same way held in the com- 
Mund by the affinity of carbon, and that the carbon atoms 
ittach themselves to one another, whereijy a part of the affinity 
3f the one is naturally engaged with an equal part of the affinity 
jf the other. 

"The simplest, and, consequently, the most probable case 
jf such an attachment of two carbon atoms is that in which 
me unit of affinity of the one atom is united with one of the 
jther. Of the 2x4 affinities of the two carbon atoms, two ute 
iherefore employed in holding the two atoms themselves to- 
jether ; six thus remain over which can be held by utor 
)ther elements." 



-\nnalen. 106, 1 29. 
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On the assumption which is here made, the number of 
valencies of other elements that can unite with n carbon atoms 
which are united to one another may be expressed by the 
equation : — 

« (4 - 2) + 2 = 2« + 2. 

It is true that this species of mutual union of carbon atoms 
does not pass with Kekul^ as the only one; he draws attention 
to the fact that in benzene and its homologues a closer union, 
" the next simplest," may be assumed. 

In order to indicate the standpoint which Kekule adopted 
at that time, I may add that, so far as the value of for 
mulw is concerned, he is a follower of Oerhardt, and dots 
not conceive these as representing the arrangement of the 
atoms, but merely as reaction formula. Accordingly he re- 
tains (lerhardt's nrode of writing them, and assumes, a.s the 
latter had done, that several rational formulie are possible for 
one substance. Ivekule is well aware that, starting from the 
hypothesis of (juadrivalent cari)on, formuUc may appear in a 
new guise, but he avoids entering more particularly into the 
matter. This is comprehensible when we recollect that Kekult 
only attaches such a limited significance to formute ; since he 
believes that the [ihysical properties of suh.stances can alone 
lead to the establishment of hypotheses regarding the arrange- 
ment of the atoms. These views possess all the more interest 
from the fact that it had already been stated in a ver)' in- 
fluential quarter that two formuljE cannot he assigned to one 
substance, and that one substance cannot be referred to dif- 
ferent types. In collating the results of his excellent investi- 
gation on the specific volumes of liquids, Kopp" showed that 
these specific volumes can be calculated from the composition 
of the substances if a certain specific volume is assigned to 
each element. This \'olume is not the same in all cases, how- 
ever, but is dependent upon the part which the element plays 
in the compound. Thus, for e.xample, according to Kopp, 

•• Annalen. 92, I ; 95, 121 ; 96, 1, 153, 303 : 97, 374 ; and especially 
100, 19. 
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two different specific volumes may be assigned to oxygen, 
dependent upon whether it exists within or outside the radical. 
Hence it would not by any means be a matter of indiffurence, 
in calculating the specific volumes of aldehydes and of ketones, 
whether they were referred to the hydrogen or to the water 
type ; whereas Clerhardt had declared both to be admissible.*' 
Kopp's rule agreed with the first alternative only. Kopp 
draws attention to this, and points out that it is exactly in this 
way that propyl aldehyde is distinguished from the isomeric 
allyl alcohol : — 



QH.Oj 
Propyl aldehyde. 



H J^ 

Allyl alcohol. 



It may certainly be looked upon as a very important sign 
of the times that the chemists of Gerhardt's school are now 
forced, upon physical grounds, to attach greater value to their 
formulae and speculations than had hitherto appeared to them 
to be ju.stified. It is true that no special stimulus was now 
required. Indeed it would appear that Couper had already tried 
to write real constitutional formute. Assuming the quadri- 
valence of carbon (quite independently of Kekule) Couper 
had pointed out how the existence of a great number of 
organic compounds might be explained. I should like to 
compare this paper of Couper's '" with that of Kekule, 
published a short time previously, in order to show how these 
two investigators, starting from different points of view, arrive 
at very similar results. Kekule, in recognising and explaining 
the real essence of the types, hit upon the quadrivalence of 
carbon and the mutual union of the atoms. Couper, on the 
other hand, rejects the types because they do not appear to 
tiim to satisfy the philosophical requirements which are 
essential to a theory. According to him, Gerhardt's system 
rests upon general statements from which individual casts f>~» 
deduced ; whereas he declares the opposite method to ' 



» Gerhartlt, Traite. 4, 632 and 805. 
Ann. Chim. [3] 53, 469. 



'" Comptes Rendus. . 
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only correct one. Couper considers it necessary to study first 
the properties of the elements ; and these he regards as : 

t. Elective affinity, 

a. Degree affinity. 
The latter governs the limits of combining capacity, and 
coincides approximately with what we now call valency or 
atomicity. In his further consideration of the subject Couper 
confines himself to the determination of the degree affinity 
of carbon, and beh'eves that, by means of it, he can elucidate 
organic compounds. There are two essential properties nf 
this element which serve to characterise it: i, It combines 
only with an even number of hydrogen atoms ; and s, li 
combines with itself. The latter assertion is justified by 
reference to compounds containing carbon. Hydrogen, 
oxygen, etc., can be removed from these compounds and their 
places can be taken by chlorine without interfering with the 
linking, consequently the cause of this linking cannot te 
sought for in the atoms capable of substitution. The ma.\itnum 
number of atoms united to one carbon atom is four, and from 
this Couper obtains for what we should now call saturated 
organic compounds the expression : — 
nCM^ — T/iM., 
These observations are sufficient to eniible us to understand 
Couper's formute, of which I shall quote a few examples [C = i', 
= S]:— " 



CHa 

1 




CH, 




CH, 


Hj,C 


1 
■ pH^ 
f "-O-OH 
Alcohol. 


C°-" 
^O— OH 

Acetic acid. 


1 
f.H„ Hur' 

'o-o'^ 

Ether. 



" Coii|)LT makes curious hypotheses with res|itct to the properties of Iht 
oxygen atom, ohviausly in nriler lliat he m.ny not ix" obliged lo assuine in 
the formation ofs,nlts the replacement of the hydrogen liy metal (and therefore 
a reduction of the oxide). According to him = S is bivalent, but one 
valence must always be satisfied by oxygen. The limit of the valency of 
nitrogen is adopted .is 5. (In the paper in Ann, Chim., the formulx are 
written on the basis of C=6. } 
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pO— OH 


pO— OH 

1°' 


1 
^O— OH 


1 

^0— OH 



N{? «{?- 



-OH 



Glycol. Oxalic acid. Hydrocyanic acid. Cyanic acid. 

We here meet, for the first time, with constitutional for- 
mulae in the present sense of the term — with symbols called 
forth in consequence of the recognition of the atomicity of the 
elements. In connection with these formulse it must be 
remarked that the views as to alcohol and acetic acid repre- 
sented by them, concide with those of Kolbe,^^ and that the 
only differences are in the manner of writing them. 

These two papers of Kekul6 and of Couper constitute the 
foundations of our views respecting the structure of com- 
pounds. As a consequence of them, organic chemistry took 
an altogether new direction, and they may be regarded as the 
most important advances of our science, on the speculative 
side, in recent times. Adopting the doctrine of the quadri- 
valence of carbon, the endeavours put forth since that time 
have been largely directed towards arriving at conceptions 
regarding the mutual relations of the combining atoms ; and 
I have now to deal with this portion of the historical develop- 
ment of chemistry. 

In these considerations respecting constitution, besides the 
hypothesis as to the nature of carbon, numerous series of 
experimental data were required ; and in view of the fact that 
tht accumulation of the latter was only very incomplete, the 
labours of years were frequently necessary in order to render 
possible any application of the principles stated above, to the 
determination of rational formulae in the cases of certain 
classes of substances. Even up to the present we have not 
succeeded in completely solving this problem, as there are 
many compounds still which we cannot arrange in the system. 
What is most important, however, has been accomplish 
We are satisfied that the doctrine of atomicity can be empl< 

'" Compare pp. 235-236, 
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as the fuundation of an edifice, and in this connection, our 
thanks are due to Kekuli^, who, in his excellent text-book, 
has furnished us with the proofs. Although Kekule has been 
reproaclicd from many sides, that in carrying out the principles 
he had advanced, he does not always adhere to them faithfully 
— an accusation which is not altogether groundless — still I 
wish to point out that any such want of adherence only toolt 
place in cases where the facts were insufficient at the time for 
a final decision, and that a quite consistent observance of the 
principles was, therefore, scarcely possible. It may be pointed 
out here, however, that at the very time when many difficulties 
attended the employment of structural formulae, and when 
ambiguities frequently arose, Butlerow " and Erlenmeyer" 
constantly advocated them with much zeal. 

It is not the business of a historical account to follow 
in detail the establishment of general principles. Such an 
account must be confined, rather, to developing the history of 
the rise and decline of prominent ideas ; whereas the emuat- 
ration of the facts, and their arrangement from one common 
view-point, constitute the sum and substance of the science 
it.self, and must, consequently, be dealt with in text-books. 1 
shall therefore content myself by adducing here what W!i* 
actually of service in strengthening the system, what led W 
new conceptions or opinions, what appears to be irreconcilable 
with the principles and leads us to expect an expansion or 
alteration of the present theories. 

I shall begin with a description of the discussion regarding 
the constitution of lactic acid, which look place within the 
period 1858-60, and led to the distinction between atomicity 
and basicity in the ca.se of acids. Following the lead of 
Cicrhardt, who regarded lactic acid as a dibasic acid,''* many 
chemists doubled the formula for this acid and wrote it 
C,oH,.jO|.j [C = 6, = 8], whereas the interesting s)Tithesis of 
alanine, and the conversion of this compound into lactic acid 



" Z«it5chrifl ftir Chemie. 4, 549 ; 6, 500. 
Trailc. I, 689, 



" Ibid. 7, I. » Gcrhanlt, 
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by Strecker,!' made the halved formula more probable. Wurtz, 
in the oxidation of propylene glycol, brought forward a 
decisive reason for the latter view.^" At the same time the 
dibasic character of the acid also seemed to be confirmed, so 
that Wurtz wrote : — 






2' 2-' 

Glycol. GlycoUic acid [C = 6, 0=8]. 

Propylene glycol. Lactic acid. 

The reaction with phosphorus pentachloride, which yielded 
the chloride CgH^OgCl,, (a substance that was converted by 

alcohol into chlorlactic ether, C4H5J 2, corresponding to 

CI 
glycol-chlorhydrine) was a new argument in favour of this view, 
whilst the vapour density of the chlorlactic ether justified the 
molecular weight adopted.'* 

Kolbe regards lactic acid as monobasic, and calls it oxy- 
propionic acid, assuming the same relation between it and 
propionic acid as that between oxybenzoic acid and benzoic 
acid.'* In the same way that Gerland was able to convert amido- 
benzoic acid into oxybenzoic acid (by means of nitrous acid ^), 
lactic acid can also be obtained from alanine. The latter and 
glycocoU were to be regarded as amido-acids— a view which 
found new support upon the conversion of bromacetic acid 
into glycocoU by Perkin and Duppa ^' — so that Kolbe was able 
to write : — 

HO,(C4H5)C.A.O HO, (q[5J|j )cA>o 

Propionic acid. Alanine. 



ho,(q[2*jj)ca.o 



Lactic acid. 



i« Annalen. 75, 27. " Comptes Rendus. 45, 306. " Ibid. 46, 

228. '* Annalen. 109, 257. ^ Ibid. 91, 185. "' Ibid. 108, 106. 

R 
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Kolbe tries to bring tlic suf)stances prepared by Wurtz inio 
harmony with his views, contending that iactyl chloride u 
chlorpropionyl chloride, which passes, by the action of alcohol, 
into chlorpropionic ether ; as indeed Ulrich obtains propionic 
ether from it by means of nascent hydrogen." Kolbe cnuld 
also have adduced, in favour of his ideas, the preparation of 
j^lycoUic acid from nionochloracetic acid which Kekule had 
succeeded in effecting,-^ whereas Kekule discovers in it tht 
conversion of a monobasic into a dibasic acid.-^ 

Wurtz now brings forward new proofs in support of the 
accuracy of his view,-'" finding these in the existence of the 
dibasic lactates which had been described by Engelhard and 
Madrell •'■' and by Briining.'-'^ Further, he succeeds in preparing 
dibasic lactic ether (by treating chlorpropionic ether with 
sodium ethylate), and also lactamethan and butyro-lactic ether. 
The reduction of lactic acid to propionic acid by means of 
hydriodic acid — a reaction discovered by Lautemann -''*— and 
the conversion of chlorpropionic ether into alanine *" furnished 
Kolbe, on the other hand, with new grounds for the assumption 
that lactic acid is a monobasic oxy-acid. Acids of this kind 
he defines as monobasic acids in which a hydrogen atom 
within the radical is replaced by HO,, hydrogen peroxide.'' 
The analogy between the carbonic and the sulphonic acids, 
already alluded to several times, is employed in support of the 
views he is now defending, lactic acid being compared with 
isethionic acid. 



Thus : — 

HO{C\Hr,)C.O.,.0 
l'ro]>ionic acid, 

HO(QHj)S.,0„0 
Ethyl sulphonic acid. 



I>aclic acid. 

Ho(c,{jJj5js.p„o 

Isethionic acid. 



^ Annalen. 109, 268. *" Ibid. J05, 2S6 ; compiare also R. 
ibid. loa, I. ''* Compare also Heidclbcrgcr Jahrbilche' 
^ Comples Kendus. 48, 1092. ^ Annalen. 63, 93. '•" I 
■" 'bid. 113, 217. '" KoVbe,l 



"3i 



i.EcrrRK xm-l 



ffilBrinO&T OH" '• l4-4'lg.'H .''li Jl 



In this discnssaaix .« lar i» -wt :scvt v.msiittmi x is jm: 
(up to 1859)1, Kotiie* WIT of r-sEJcirac izt: aiacfcr vs* *e=rs: 
adapted to espCaiim ifet fia-na ~5iE ±ac tc 'S'Tr^z- Lr jar-i- ^":!!' 
it was possible to ftpfanrr^ ic i f-arr -iaraisiuiicT tkt.tui ~tT 
relations betweien tine fearr aica5f irai ■±it jana: iOQft. i:* t-cC 
as the phenomtitM ot" Hiynatisar aancnirC ■nr r^aerf it "iit 
latter acids, whicli Wmrcr c^.RVirx. ir: '±it iiiZjiTraf i-getJ- 
WTiat Kolbe mtsnnuiiaiaatjnic*!. stt ■rat r--r:Kn:oa. ^ctm-ci •0"j: ti«r 
Wurtz, between the gjiy«»«s asac •±h*T lai*:'^ jqC ■«-=:: in 
1 860, when he retnnss to cae cacHCcarjvc: 'c lacat stac. ht sill 
adopts the same standpoint.— H-e -exjofcBSp^ ■±ie ciSer-cncc 
between the two hydrogen sixxia. TKusesaiue In- radkaJa. h: 
lactic and glycoUic adds: hax he ock* ncc arrrrr; ca: me 
hydrt^en peroxide group? wiiida mer cccadn. aii<Q occur in 
the glycols. 

Wurtz, meanwhiki has gone- a aep fnrmer. He inTixjdooes 
a distinction between aiomimr and bssidrr in tiwr case oi 
acids.** Whilst the former of these is dttennined by the 
valency of the radical prtsenl. tiae ]atter is r^v]at«d by the 
number of hydrogen atoms replaceable bi- meiali^ Aocoiding 
to Wurtz, "the capacity of sataration of an add towaixis basic 
oxides depends not only upon die number of equii-altnis of 
typical hydrogen which it contains, but also upon the electro- 
negative nature of the oxygenated radical. In proportion as 
the oxygen increases in this radical, the typical hydrogen 
becomes more and more basic hydrogen." 

This is illustrated by the following example : — 



Glycol. 
2 typical 
H atoms. 



GlycoUic acid. 
2 typical 
H atoms. 
I faoac 



Oxalic acid. 
2 typical 
H atoms. 

Both basic. 



Glycerine. 
3 t)-pical 
H atoms. 



QH,0| 

Glyceric acid. 

3 typical 

II atoms. 

I lasic. 



Glyceric acid is triatomic but o.^iy monobasic ; phosjjliorous 
and cyanuric adds are triatomic and dtbuac; Further, Wtrn/. 



••"■ Ann. Chim. [3] $), 161. 
=« Ibid. 113, 306. " Bull, 



Soq, i 



. (09, 362 etc. 
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regards laclic acid as dibasic, and as different in constitution 
from glycollic acid. He is forced to this by the existence of 
the lactates described by Rriining and others. 

The first part of Kekulc's text-book appeared in the same 
year, and it was possible to see from it how easily the nature 
of the lactic acids might be exjjlained by reverting, as Kekult' 
did, to the elements lhemselve.s. For although he too 
employs the mode of representation according to types, still 
this is elucidated by means of the so-called graphic formula; 
which are intended to express the relationships of the atoms. 
These formulre constituted a new mode by which to represent 
the constitution of compounds. They remained in use for 
some time, but they were again replaced, at a later date, 
by written formula which approach to those introduced liy 
Couper. 

The following are examples of these formulse ; — 



CH, 

I 
CH.,OH 

Alcohol. 



CH, 

I 
COOH 

Acetic acid. 



CH.,OH 

I ■ 

(:h.,oh 

(ilycol. 



COOH 

I 
COOH 

Oxalic acid. 



The relations of the atoms in glycollic acid were furnished 
to Kekule by the method for its formation from chloracetic 
acid, which wa.s discovered by himself. These relations can be 

CH._,OH 
represented by the formula [ . Both glycollic acid and 

COOH 
lactic acid contain two typical hydrogen atoms ; that is, as 
Kekuli5 now explains,^'' two atoms of hydrogen united to the 
carbon by means of the o.xygen. These two atoms differ in 
their properties, inasmuch as the one behaves like the typica' 
hydrogen of acetic acid, being influenced by two oxygen atoms, 
whilst the other plays a part resembling that of the t)'pical 
hydrogen in alcohol. The solution of the difficulty was now 
supplied, since this view explained to the adherents of the 
doctrine of atomicity, all the chemical reactions of glycollic acid, 



" KekuW, ■LeVitVsacVi A« 0\smie. I, 130 and 174. 
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as well as its relation to glycol and also to acetic acid. A few 
years later, Kekul^ proved, by the action of hydrobromic acid 
on these acids,^ that they are converted by this reagent into the 
corresponding bromides just as readily as the alcohols are ; and 
thus the views which he had previously stated regarding the 
existence of "alcoholic hydrogen" in these compounds received 
new support. Perkin*'' had already tried to confirm the 
alcoholic nature of glycoUic and lactic acids, from the fact that 
sodium acts upon lactic ether with the evolution of hydrogen, 
and from the formation of ethereal compounds and the evolu- 
tion of hydrochloric acid when the acids are treated with 
acetyl chloride or succinyl chloride. These investigations of 
glycollic and of lactic adds are also highly impxirtant, because 
it was in connection with them that proof was furnished of the 
specially noteworthy circumstance that a two-fold function may 
be ascribed to one and the same substance, the two sets of 
properties in such a case beir^ simply superadded. 

Kekule was also aUe to explain the fact that carbonic acid, 
which is homologoas with glycollic acid, is a dibasic add and 
forms salts with two atoms of metaL The formula of the 

OH 
hypothetical hydrate became CO ; both hvdrc^cn atoms 

OH 
were equally influenced by the oxygen, and there aas no nrason 
for any difitrence between tbem.*^ 

It must be spedtaQj pointed out here that Rc^be's formu!it 
for glycoDic add poaacaoes a great similarity to ibc ooe vanz 
has just been grrea, when the i%niBcation is alone takea :n.> 
account and not tiie fonn ; k was due, no dou'jt, to hi< jocx- 
vhat moiecc—pficared mcsde of writii^ tbe fonnola :hii Kcxrc 
did not dfdwr horn k aQ the coiHeqaences wiuch i: i=:vri;~:>i;<d 
On the wbeit:^ dbe ad*aat;^e»of Kirfbe's way of rpgairoibr csir^ 
Pounds wcxc mom abtMC to beoome mofe mamifg In it5ir.r, 
by tile id S o a m «f kfittpat Is* acrfc*ic. FoKslei 
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jiropyl alccihol '"' identical with that prepared by Berthelot from 
propylene.^" Kolbe'" at once recognised this as the first re- 
presentative of the group of isomeric alcohols whose exist- 
ence he had foreseen.''- He assigned to it the formula 

p-jj* CwO.HO, and inaintjined that the dissimilarity between 

it and Chancel's fermentation propyl alcohol " would be de- 
cided by an experiment involving its oxidation, since the new 
alcohol should thereby yield acetone. Friedel actually proved 
that it did so.** 

Kolbe returns tu this alcohol two years later.^-' By a com- 
parison of the ammonia bases with the alcohols, he arrives at 
the conclusion that cases of isomerism must occur amongst the 
latter, quite similar to those amongst the former: — 



H N 

H j 

Methylamiiie. 

C.H, N 



H C.„0,HO 

H I 
Melhyl carbinol. 



c, 



11:,] 

H -N 



C 



,H I.C„0, 
H 



HO 



Klhylaminc. 

{:,H,| 

C.,H, 

ch;| 



N 



.H.,1 
H C..,0,HO 
H ) 

ICthyl carbinol. 

CHg C.„0,HO 

c:hJ 



Uimclliylamini:. Uiiiitlhyl carbinul. Triniclhylamine. Trimclhyl catbinul. 

Kolbe now extends his observations to the acids, and thinks 
that he can foresee the occurrence of isomerism in this class 
of substances also. Frankland, at a somewhat earlier date, 
prcpari'd leucic acid by treating oxalic ether with zinc ethyV' 
and this interesting synthesis suggested the new ideas to Kolhe. 
He regards Frankland's acid (as Frankland himself had done) 
as diethyl-oxyacetic acid, and represents it by the formuiii 
fC.H,] 



C- CjHj C..O.„0,HO. 



It corresponds to diethyl -acetic acid. 



"" Coraptes Kendu.s. 55, 53 ; Annalen. 124. 324. 
1350. ■" Zeil.schrift fur Cheniie. 5, 6S7. 



" Ciimples Kendiis, 
44, 1350. ■" Zeil.schrirt fur Cheniie. S> 6i»7- *" ComiJare p. 237' 
** Annalen. 87, 127. " Kcperl. tie Chimie pure. S. 247. « Zeitschrill 
fiir Chemie. 7, 30; Ann;ikn. 132, 102. * I'roc. Roy. Soc. 13,39^! 
Aanalcn. 126, 109. 
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lolbe is also acquainted with a dimcthyl-awtio aoid, \vhiol\ 
e calk isobut>Tic acid, since it is different, iUHt»itii»g to l»li«, 
om ordinary butyric acid : — 



(cJCaHJCA.^).' 



CoHj(CA)O.HO I CJ CaH, I C A.^>. ' l^) 
Butyric acid. Ittiliutyric aclil. 

^olbe assumes three isomeric substances having the roi-niul(t 
f valerianic acid : trimethyl-acetic acid, methyl elhyl-metli' 
cid, and propyl-acetic acid. Isomeric <lcrivulivcii »;orron|»on«l 
3 these compounds, such, for exam|)le, ttH oxyaiidn, tttnongHt 
fhich Kolbe classes Stadcler's acetonic acid.*' 

These views were completely confirmed, and Kolbe'n clever 
■rediction thereby achieved a great triumph. Frieder* acftofic 
Icohol was the first compound reprenenlativc of thin claw of 
ubstances that was prepared, and it, therefin'C, in of great 
■nportance. As the constitution of a<;ctone had Itccm nettled 
ly Freund's synthesis, there could (tcarcely be any dotibt a» to 
he formula of the new prqjyl al<;ohol ; and thi» formula wa» 
mployed by Erienmeyer ♦* (after h« had found that the uktAuii 
'as identical with the one prepared fu/m glycerine**) m 
xplaining the coastitution of the trhU/m'u: ak^AvA, 

The discovery of the "hydrat**" 1/y Worlz'* f'AU/mt^ 
nmediately after the discovery of Mk/pr'/pyJ akohoJ- Worfz 
btained these »ob«tar)c«» \ff treating th« hy4rO';artx/n« of (he 
thylene series with hydriodi'; a/;id and wlver oxide ; xnd he 
nidied their properties particolarly in the ca*e <A imfif^ftt 
ydxate, where be wa.* able to rerz/sfnise it* dWIfer^Wye ff'/m imij) 
loohoL At fir« he VxAed \3pf/a th» TOJ-zstance ** a f/jm^mA 
( the hjdrocajVjTi wjri-, wati^j-, and I'^'^^^AfA J* t/y t1'><!' f^yfrn^fei 
:-Hy, H/J. a view whi^i* ap]>>ared t// ly? warr*r<»-vl by t'. 
i2<iv dejy-fljjyyat^vTi ir.t/'y tJ-^pse wh*!tafv>»s. At » »t.»r prrV,^ 
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hydrogen atom in ihc hydrates is different from (i.e., less intimalc 
than) that in the substances isomeric with them.^' 

Koibe looks on these substances as likewise belonging to the 
group of secondary alcohols, whose existence he had foreseen,^ 
and he tries to prove this by means of an oxidation experimenl. 
which, however, does not furnish any decisive result. Wurtz,''" 
who also carries out this experiment, obtains acetone as well 
as acetic acid. The question thus remained undecided" 
until, at a much later date (in 1S78), Wischnegradzky was able 
to prove that amylene hydrate belongs to the group of tertiar)^ 
alcohols. *-■ These had, however, been discovered much earlier 
{in 1863) by Butlerow'"' as the products of a very remarkable, 
complex reaction ; but a large number of investigations by 
Butlerow and his pupils were required in order to establish 
conclusively the nature of these substances, and their relations 
to the other alcohols. 

With respect to isomerism in the fatty series, Erlenmeyer 
had obtained isobutyric ether in 1864, by the method propseil 
by Kolbe,^" but had not been able to discover any dtcided 
difference between it and ordinary butyric ether. Morkownikoff, 
however, established the difTerence later by a careful study of the 
salts ;-^ and proved, besides, that acetonic acid is identical with 
oxy-isobutyric acid.-'" The neat syntheses by Frankland and 
Duppa are of consderable importance in connection with this 
question. These chemists succeeded in passing from oxalic 
acid to substances of the lactic acid series, and then they further 
converted these into the corresponding members of the acrylic 
acid series."" Further, by means of aceto-acetic ether, which 
had been discovered by Geuther,"' they were able to introduce 
alcohol radicals into acetic acid, and thus to obtain homologues 



" Zcitschirift flir Chemie. 7, 419. '>'-' Annalen. 132, 102. " Comples 
Rendus. 58, 971. " Ibid. 66, 1179. °° Annalen. 190, .i^S- 

^ kepert. de Chimie pure. 5, 5S2 ; Hiili. Soc. Chim. [2] 2, 106 ; Annalen. 
144, I. "" Zeitschrift TUr Chemie. 7, 642. '■'' Annalen. 138. j6l- 

•■* Zeitschrift fllr Chemie. 10, 434. "' Annalen. 133, So ; 135, 25; 13^. 
/; 142, I. •" JahteabeiicVM 1863, J2J. 
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r.*-' Wislicenus aftenranls followi^ up ihffw !«««> 
tions, and elucidated them more fully. Nimicr\)us syi\th«Mt 
were carried out by Wislicenus and his jnipils aivxudini; to th(« 
method, and thus our knowledge ol" the constitution ol' ni-iiU 
containing a number of carbon atoms was very considerably 
advanced. 

The fact established by Schorlemnier,"" thiU (liuiethyl it 
identical with ethyl hydride, had a distinct vakii- in nil ciin- 
.siderations with respect to constitution i and mi itlsn hud 
the recognition of the identity of carbonic ulhors riynlainiuK 
two different alcohol radicals'" (a piiinl that was doiihli'd at 
first"''). It was only after these matters liiid hciii seltlcd llwt 
H^e similarity of the four valencies of carbon - the llritt thinK 
Necessary in order to inspire confidence in the " (itnicliiriii for- 
mute" now so commonly employi/d could hi; asiNiimi-d. 

kit will be apparent from the researches iilready tmritiiMU'd 
at it is really a ]]art of the business uf scientific rhiiiilHliy U) 
explain the phenomena of isomerism. Cuhcn of ixotiierlKtn 
occur so frequently that even the clearest head wrjiilil not lio 
in a position to survey the facts, if thcxe were niti))/ly cniiiiii!- 
rated without any theoretical assumptioni. KxjK'rience hut 
shown, however, that graphic or structural rorniulie are 4-»- 
tremely valuable in explaining known (uiite» uf inoiitcriitiii und 
in helping us to foresee new ones ; and it can lhu» U uiuki- 
stood why the efforts of chemisisi were more an<l rr»ofe dir<:^'U-4j 
towards establishing such formuLi:. It u obvi<Ai« thai I cuitfuA 
here take notice of all these efforts, but I mu«t ■>.■'■ -{fM- 

lion of the principle that is adopted in drawing c/jii ^mtn 

tfae reactkns of iotMianca with respect to their CQimiiution*. 
This pnadjple atotes that tbe rautttaJ niialioas «f tlic ajtmu 
remain ondMnpcd datioe tnuurfbcotttioiM, vitb du; CKa)<>H» 
of tbose winch an: Kveiied, and tbatwkh CMfwet <o Uw iMter 
aiooisor gr<Hi|«i tfaat ciMer taiUtlht 



^iKaKM 



Mia. §3^ »i7 : t A Xtt 
Oriw, MmL tjl, iJii M« 
aP5.«7- ->>.. 



l*H».1» 
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establish similar relations. I do not think I am mistaken in 
regarding this fundamental principle as a new form of Laurent's 
law of substitution."* It is a generalising of this law, but the 
law has acquired, at the same time, another meaning, in so far 
that chemists now no longer desire to determine the arrangement 
of the atoms in space but only their relations to one another. 
Unfortunately, no general jiroof of the principle has been fur- 
nished, and ex[>erimcnts have not even been carried out which 
aim at this. It.s accuracy, which is certainly not beyond doubt, 
is merely assumed because the conclusions drawn from it have 
repeatedly yielded concordant results ; that is, because these 
conclusions led to identical formuLe for the same substance 
whichever mode of formation was considered. 

Nevertheless, this concordance is not always met with. 
There are many cases known where the constitution deduced 
from one mode of formation does not correspond to the 
formula which may be derived by starting from another mode 
of formation, or from the decomposition products. ""^ In such 
cases we are obliged to assume the conversion of the substance 
into an isomeric modification, in one of the reactions that 
have taken place; that is, we must hold that the principle 
stated above does not here ap|)ly, and that the atoms remaining 
in the molecule have changed their mutual relations during 
one of the reactions. Cases of this kind deserve attention. 
They are well calculated to shake our faith in the accuracy of 
the fundamental principle, even although an attempt has been 
made to regard them as two -fold reactions, and in agreement 
with this principle. A special interest attaches to those 
investigations that define the conditions under which .•>uch 
isomeric changes — the so-called migration or wandering of 
the atoms — take place within the molecule, and to those 
actually designed to elucidate this particular matter. As 
examples of these, Hofmann's investigation of the conversion 

^ Compare pp. 143-144. •" Compare, for example, Cariii!;, Ann«lcn. 
131, 172 ; ToUens, ibiil. 137, 311 ; Frieilel and Ladenlnitjj, ibiil. 14S1 "'"'■ 
Linnemann and .Siersch, ibid. 144, 137 ; Kutlerow and Ossokin, ibiil. I4S' 
2§^ ; Simpson, ibid. 145, J7J-, lAVcnnwyer, ibid. 145, 365, etc. 
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Jr the methyl anilines into homologues of anihne""* and 
Uumole's examination of the spontaneous oxidation of ethylene 
fcrivatives,*' may be mentioned hero. 
I Those phenomena of isomerism, however, which cannot 

■ expressed or represented by means of the ordinary fonnuls, 
ire of still greater importance. Exanii)les of this nature have 
ong been known, and some of them were minutely studied at 

■ early period. More recently (after the recognition of the 
mportance of the matter) an attempt ha.s been made to 
ntruduce a special method of explaining them, which is, no 
loubt, connected with the theory of valency, but is also a 
urther development and an extension of that theory. We 
nust here enter upon a more particular account of this matter. 
L The discovery of racemic acid,, isomeric with tartaric acid, 
■s already been mentioned in Lecture VII. (p. 118). The 
■Sognition of the relations between these two acids forms the 
rabject of an investigation by Pasteur which is of fundamental 
mportance for the subject now to be considered."'* Pasteur 
showed that there are four isomeric tartaric acids, viz. : 
racemic acid, inactive tartaric acid, and right and left rotating 
tartaric acids. He showed, moreover, that the two latter acids 
crystallise in similar, but in opi>ositely built-up (enantiomorph) 
FormH ; that they both deviate a ray of polarised light through 
equal angles, but in opposite senses ; and that when mixed in 
equal quantities they yield optically inactive racemic acid. 
Further, he succeeded in decomposing racemic acid again into 
the two optically active tartaric acids, by three different 
methods :— 

V I, By preparing and crystallising the sodium-ammonium 
salt ; when two enantiomorph varieties were obtained. These, 
after having been separated and decomposed, yielded the two 
■rtaric acids. 
I 2. By preparing the cinchonicine and quinicine salts. In 

■ « Berichle. 4, 742 ; 5, 704, etc. "' Ibid. II, 315, 1302 and 1307. 
BAnn. Chim. [3] 24, 442 ; 28, 56 ; 38, 437 ; comiwre also I'a-steur, 
Recherches sitr la dissymt-iriu iiinlcciilaite des jirodiiils urj^aniqiies nalii- 
rels. Leij-ons Je chimiu, I'aris 1S61 ; Alembic Quli RcptinU, ^o. \\. 
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with which the substances can combine with hydrogen,' 
chlorine, hyp(x;hlorous acid, etc. The capacity for entering 
into direct additions thus became a characteristic of the group; 
!)ut it cannot be said to be really distinctive, since sanne 
substances which are classed as saturated also possess this 
capacity. As e.xamples of the latter substances the aldehydes 
and ketones in ptarticular may be instanced, and these m 
substances which contain oxygen wholly united to carbon. In 
explanation of the facts, the assumption is made regarding 
these compounds that, by addition, the group (C = O)' passes 
into (C — O)""; that is to say, a diatomic radical becomes a 
tetratomic one. Later experiments of a very detailed dur- 
acter on the unsaturated acids, by Fittig, have led to the 
confirmation of the view mentioned above ; ** that is, they have 
shown that the facts are best accounted for when blanks, (k 
bivalent carbon atoms, are assumed in some compounds at 
least. That it is not possible to avoid some assumption of this 
kind is shown by carbonic oxide and by the group of isonitriles 
or carbylamines,di.scovered almost simultaneously by Hofmann** 
and by Gautier."'' The latter interesting substances are 
obtained by treatment of the amines with chloroform and by 
the action of the alkyl iodides on silver cyanide. They are 
isomeric with the nitriles, and their constitution cannot be 

represented otherwise than by the formula N-^p, first proposed 

by Gautier,*" in which R stands for a monatomic alcohol 
radical. If the nitrogen is assumed to be trivalent,''' the 
carbon then appears as bivalent or unsaturated. 

There is, besides, a class of unsaturated substances, in which, 
following Kekule's lead, a more intimate union of the carbon 
atoms is quite generally assumed. I refer to the aromatic com- 
pounds. Under this heading a number of substances which 
stand in a close chemical relationship to certain strongly smell- 
ing oils were formerly grouped together. 

«• Annalen. 188, 95. «* Ibid. 144, 1 14 ; 146, 107. *' Coraples 

Rendus. 65. 468 ; Annalen. 146, 119. " Comptes Rendiis. 65. 9'"- 

"^ Quinquivalent nitrogen is referred to in Lecture 15. 
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Kekule showed that all these substances may be regarded 
Jderivatives of benzene, and that their chemical nature is 
Jominated by the constitution of this hydrocarbon.*** A large 
number of earlier observations told in favour of this view, but 
some synthetical investigations which had been carried out a 
short time previously by Fittig in conjunction with Tollens"" 
and others'"' were also of importance. The.se chemists em- 
ployed a method which originated with Wurtz ; '■'' that is, they 
treated mixtures of the alkyl iodides and the bromine substi- 
tution products of aromatic hydrocarbons with sodium, whereby 
they succeeded in preparing homologues of the hydrocarbons 
in question. They were thus alile to show that methyl-benzene, 
obtained from bromo-benzene and methyl iodide, is identical 
with toluene, but that ethyl-benzene is different from xylene, 
which, however, approaches very closely in its character to 
methyl-toluene or dimethyl-benzene. I do not need to enter 
more fully here into the further results of these interesting 
researches, as they were only obtained subsequent to the publi- 
cation of Kekule's paper, and in this paper they were partially 
foreseen. On the other hand, some of the results of Beilstein's 
researches were of fundamental importance with respect to the 
theoretical investigations now to be discussed. Of this char- 
acter was the proof, carried out in conjunction with Reichen- 
bach,'-'- that the so-called salylic acid, which was regarded as a 
benzene-carbonic acid, isomeric with benzoic acid,''^ was simply 
impure benzoic acid : and so was the fact that the chloro- 
benzoic acids prepared up to that period, could be reduced in 
number to three.'''* 

Benzene, as the fundamental substance in the aromatic group 
attains to quite a special significance in consequence of the views 
of Kekule, and the latter therefore makes a special study of its 
constitution. 1 shall deal with this matter in the next lecture. 



Annalcn. 137, 129. ** Ibid. 131, 303. *" Ibid. 136, 303, etc. 

Dn. Chini. [3] 44, 275. *- .Vnnalen. 132, 309. *' Kolbe and 

I.autcmann, ihid. 115, 183; Kekule, ibid. I17, 158; Griess, it)id. 117, 
34 ; Cannizzaro, ilml..Sui>i)1emeiitband I, 274. "* Beilstein and Schlun, 

ibid. 133, 239. 
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Taking the quadrivalence of carbon as his starting-point, 
Kekule points out that in the fatty compounds the carbon 
atoms are linked together by one valency of each.' In the 
case of benzene, the next simplest assumption is made, in 
accordance with which the carlion atoms are linked together 
by one and by two valencies alternately, so as to form a closed 
chain or ring. Of the twenty-four affinities of the .six carbon 
atoms, eighteen are employed in linking carbon to carbon, 
thus : — 



-4 + 



i8 



Six valencies then remain which are satisfied by the six 
hydrogen atoms of the benzene. Hence, according to Kekule, 
lienzene may be represented by means of a regular hexagon 
whose sides are composed of single and of double lines alter- 
nately, the CH groups occupying the corners. 

This conception i.s designed to illustrate, in the first place, 
the relatively great stability of benzene as compared with the 
hydrocarbons of the fatty series, which consist of open carbon 
chains with, for the most part, singly linked carbon atoms. Il 
further illustrates the fact, which is of such great importance 
with respect to the aromatic compounds, that the six hydrogen 
atoms of benzene are symmetrically disposed in the molecule 
— that is, that they are identical in function. 

' Bull. Soc. Chim. [2] 3, 104 ; Annalen. 137, 129 ; Lehrbuch Aet 
orgaoischtn Cliemie. 2, 493. 
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The aromatic compounds arc obtained by tliu replacement 
>f these hydrogen atoms in benzene. But it follows fron\ the 
:quivalence of all six hydrogen atoms that when only one of 
hem is replaced, it must be a matter of indilTerence which of 
hem it is ; or, in other words, only one variety of any of the 
riono-substitution products of benzene can exist. A view of 
his kind was only possible after it had been shown that 
nethyl-benzene is identical with toluene, and benzoic acid 
vith salylic acid (compare p. 271). 

When tft'o or more hydrogen atoms in bun/.L-nc are ri'placed, 
Cekule's hypothesis predicts the existence of numerous isomers, 
>ccasioned by differences in the relative positions of the atoms 
)r groups that enter the molecule ; and the nuntber of these 
somers can be determined. Thus there are three isomers 
jossible when two hydrogen atoms in benzene are repkiiid by 
>ther atoms or by radicals ; and it is immaterial whether the 
items or radicals which enter are identical or different. Of 
ri-substitution derivatives of benzene there are three possible 
somcric forms when the three substituting atoms or groups 
ire the same, but six when two of them are different from the 
bird. l'*urther the hypothesis foretells the existence of three 
someric tetra-substituted benzene derivatives but only one 
)enta- and one hexa-substituted derivative when all the sub- 
itituiing atoms or groups, in each case, are the same. In 
iccordance with the hypothesis, by the replacement of one or 
nore of the hydrogen atoms in benzene by any given element 
)r grou]) of atoms, twelve substances can be obtained, and this 
las been actually accomplished in at least one case. Thus 
3eiLstein was able to show that exactly twelve chlorinated ben- 
;enes exist,- after it had been proved that the alleged existence 
)f two isomeric pentachlorobenzenes^ was a mistake. 

It follows, moreover, from the constitution of benzene, that 
:thylbenzene must be different from the three possible dimethyl- 
)enzenes ; and, further, that by the action of chlorine or of 



' Beilsteia and Kurbalow, Annalen. 193, 328. 
bid. 173. 3i'- 



' Ladenbu^, 
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bromine two different classes of substitution products should 
be obtainable from toluene, these classes being characterised 
by the fact that in the one the haloj^cn replaces a hydrogen 
atom of the benzene (nucleus), and in the other a hydrogen 
atom of the methyl (side-chain). DifTerences of this kind viae 
actuallyobserved,^ and Beilstein '" showed that substances belong- 
ing either to the one class or to the other are produced 
according to whether chlorine acts in the cold or at the boiling 
lemjjerature. The members of the first of these groups d 
chlorine compounds (of which, as di-substitution products of 
benzene, three isomers exist) do not permit any exchange of 
their chlorine for iodine, for cyanogen, or for hydroxyl or other 
groups containing oxygen ; whereas the chlorine derivative of 
the other group (which, as a mono-substitution product is the 
only chlorine representative of the group) behaves like the 
chloride of an alcohol radical, and can be converted, just as 
easily as chlorides of this kind can, into an alcohol, an ether, 
etc. 

The two formulae — 

C,iH,a(CHa) C„H,CH.,C1 

Chlurololuencs. Benzyl chloride. 

indicate these differences, which ari.se, according to Kekuli'. 
from the fact that the chlorine atom of the chlorotoluenes 
stands in intimate relation to the carbon (being almost entirely 
surrounded by it), whereas in benzyl chloride it is combined in 
a manner similar to the halogen of the alkyl chlorides. An 
explanation of an exactly similar kind is now furnished for 
the essentially different behaviour of the phenols and of the 
aromatic alcohols. Whereas in the former the hydroxyl group 
replaces a hydrogen atom of benzene, in benzyl alcohol the 
replaced hydrogen belongs to the methyl group: — 

CoH^(OH)CH5 (;,,H-,CH,OH 

Cresols. Benzyl alcohul. 

On oxidation, the latter alone behaves as a primary alcohol 



■* Fitlig, Ann.ilcn. 136, 301 
O'citner, ibid. 139, 331. 



Kckule, ibil. 137, 192. ^ BeiUlciDW'l 
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nd yields an aldehyde and an acid, whilst the ethers of the 
>rmer are converted into alkyl-oxybenzoic acids CgH4(0R) 

:o2H.« 

Kekule's views concerning the oxidation of aromatic hydro- 
arbons into acids are very important. "It may be said in 
:eneral that the alcohol residues (methyl, ethyl, etc.) attached 
s side-chains to the nucleus Cj are converted, by sufficiently 
igorous oxidation, into the group CO2H. The oxidation 
)roducts always contain, therefore, just as many side-chains as 

he substances from which they have been produced 

(Vhen the reactions are more moderate it is possible, in the 
;ase of those derivatives of benzene which contain two or 
nore alcohol radicals, to restrict the action to the formation 
)f intermediate products ; thus, one alcohol radical only is 
jxidised in the first place, while the other remains unchanged. 
Dimethylbenzene (xylene) in this way yields toluylic acid. . . . 
Dn more vigorous oxidation the toluylic acid is then converted 
nto terephthalic acid." 

P TT CHg p TT CH3 p TT COjH 

^«"*CH3 ' *-«"*€ O2H ^fi^^cOjH 
Xylene. Toluylic acid. Terephthalic acid. 

It is worth while pointing out, lastly, that Kekule in the 
iurther elaboration of his views, cleared up the constitution of 
the azo-compounds " discovered by Mitscherlich, and, more 
particularly, that of the diazo-compounds discovered and 
minutely investigated by Griess;* besides showing the con- 
nection existing between these groups.* 

These researches upon the aromatic compounds exercised 
an immense influence upon chemistry. The investigation of 
these substances, which, up to that period, had been rather 
neglected, was by many chemists almost exclusively worked at 
luring the succeeding ten years. The countless examples of 
somerism which previously rendered this branch so difficult to 

' Kcirnet, Zeitschrift fur Chemie. II, 326. ' Annalen. 12, 311. 

Ibid. 106, 123 ; 109, 286 ; 113, 334 ; 117, 1 ; Supplementband I, 100 ; 
:ai, 257, etc. ; compare also Phil. Trans. 1864, 667, etc. ° Lehrbuch, 
'» 703. 
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invcsligale (since it was only possible for a few ijeisons lo 
obtain a real grasp of the facts) increased the attractiveness 
of the investigations, now that a simple explanation of these 
phenomena was forthcoming. .\nd, what is of the greatest 
importance, Kekul^'s \-iews were confirmed by them in tk 
most complete manner, and did not require alteration in iny 
essential particulars — isolated statements at variance with them 
always proving capable of very early refutation as incorrect 
Moreo\'er, these hypotheses were widened to a considerable 
extent and perfected, as a consequence of the immense number 
of facts afterwards discovered. 

The problem of determining the positions of the siibstitut- 
ing atoms and groups deserves to be mentioned here first 
Merely referred to by Kekule,'" it was fully solved afterwards. 

By determining the position in the aromatic series, we 
understand the ascertaining of the relations to one another and 
to the carbon nucleus of the atoms or groups which replace 
the hydrogen in benzene. Obviously the question can, at the 
earliest, only possess any significance in the case of the di-sub- 
stitution products. The three isomers here possible, according 
to Kekule, have had the distinguishing prefixes ortho-, meta- 
and para- attached to their names, and the question at once 
arises how these are to be conceived as regards their constitu- 
tion. The first step in this connection was taken by Baeyer," 
after it had been proved by Fittig'- that mesitylene is a 
trimethylbenzene. From the mode of its formation, Baeyer 
draws the conclusion that the three methyl groups are symmetri- 
cally arranged with respect to the benzene nucleus ; tlwt is to 
say, that mesitylene and isophthalic acid are rneta-compounds- 
This hypothesis was afterwards proved '" by an accurate investi- 
gation of the substitution products of mesitylene. Grabe was 
then able to show by detailed discussions and experiments 
as to the nature of naphthalene '* that this substance, and 
consequently, phthalic acid also, must be regarded as ortho- 

"• Annalen. 137, 174. " Ibid. 140, 306. i- Zeitschrifl ftlr CbeiiiK!- 
9, 51S. '•' Ladenbuig, Annakn. 179, 163. " IlnJ. 149, u. 
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compounds. Finaliy, it was pointed out by Ladenburg,''' 
taking into account tlie experiments of Hiibneriind I'etermann,"' 
that terephthalic acid and para-axybenzoic acid belong to the 
para-series. A very neat and original idea with respect to the 
solution of this problem originated with Korner,'" who showed 
that, by the introduction of a third atomic group into the 
di-substitulion products containing two similar substituting 
atoms or groups, three isomeric tri-substitution products are 
possible when the original substance belongs to the meta-series, 
or two when it is an ortho-compound, while in the case of a 
para-derivative, only a single tri-substitution product is possible. 
Uy employing this method he determined the constitution of 
the dibromo-ben/enes, and Grie.ss "* determined that of the 
phenylene diamines. 

After the constitution had thus been determined in some 
compounds, it was still necessary to establish the relations 
between these and other compounds by means of simple reac- 
tions, so as to have the problem solved in the cases of all the 
doubly substituted benzenes. Not only has this been quite 
pos.sible, but the position of the substituting groups has also been 
ascertained in the higher substitution products. In the whole 
of these often very extensive investigations, which were only 
practicable by the co-operation of many hands, the reactions 
of Clriess (see above) rendered very important services. 

It is likewise of cnn.siderable importance for the theory of 
aromatic compounds that, starting from the quadrivalence of 
carbon, and a series of accurately determined facts, it has proved 
possible to establish the two fundamental principles as to the 
constitution of benzene, as follow: — i. The equivalence of 
the hydrogen atoms of benzene ; and 2. The symmetry of two 
pairs of hydrogen atoms in benzene, with respect to the third 
pair of hydrogen atoms.''' 

It must further be i>ointed out here that a prolonged con- 

" Berichle. 2, 140. '" Ann.-ilen. 149, 129. " Gaz/elta Chimicn 

''aliana. 4, 305 ; Tonm. Chem. Soc. 29, 204. " Berichtc. 7, 1226. 

* Ladenburg, Thenric tier aronialischen Vcrbindiingi-n, lirauiiichwcig 
'876; Berichle. 10, 1224; Wrnblewsky, .Annaten. 192, iqb. 
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trovcrsy arose concerning the formula of benzene (that is, as 
to the mutual linkings of the carbon atoms which it contains) 
after attention had been drawn to the fact that Kekule's for- 
mula does not altogether take account of the requirements 
involved in the two principles stated above.*' From this con- 
troversy it appeared that only the so-called prism formula can 
give a clear idea of the bearings of isomerism in the aromatic 
series, since it furnishes likewise an accurate expression for 
the thermal relations, according to Thomsen, and for the mole- 
cular volume of benzene and its derivatives, according to R. 
Schiff.-' Nevertheless Kekule's hexagon formula has Iwen 
generally retained, because it is superior to the other formula 
in many respects. 

Amongst the notable researches which were instigated bv 
Kt'kule's investigations, I only enter into detail here respecting 
a single one which may probably be looked upon as the most 
important amongst them. I refer to (mibe's examination of 
the quinones. 

Kekule propounded a peculiar view respecting quinone,^ 
a substance which had been discovered by Woskresensky.^ 
This substance was supposed to consist of an open chain of 
six carbon atoms, which were joined to one another by single 
and double linking alternately. In opposition to this view, 
Grjibe-'' advanced another, in accordance with which quinone 
is a benzene derivative in which two hydrogen atoms are re- 
placed by two oxygen atoms ; and these latter are further 
united to each other. He ba.ses this view especially upon 
the already well-known relations of quinone to hydroquinone, 
and upon the conversion of chloranil into hexachlorobenzene 
by means of phosphorus pentachloride. These grounds vfcf-' 
so convincing that Griibe's view was generally adopted, eve 

•^ I^cienburg, Burichte. 2, 140. 2' Ihiil. 13, 180S; see «!»' 

Thomsen, Tliermnchetnische Untersuchungen. 4 ; also .Schiff, Annib"' 
220, 303. AccoriHng to Schri«kT (Wietlem. Ann. 15, 667) ll"* 
alsii holds for the molecular refrnction ; whereas, according 10 B'"™ 
(Annalen. 200, 229), the opposite is the case. -' .\nnalen. Ij?. '3+ 
=» Ibid. 27, 268. -^ Wfld. 1/^6, \. 
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although it appeared soon after that quinone did not belong 
to the ortho-compotinds, as Grabe supposed, but to the 
para-compounds.-"' Grabe afterwards .studied other quinones 
also, and so arrived at the investigation of alizarine, the nature 
of which as a quinone he desired to establish. In conjunction 
with Liebermann, and by making use of a method discovered 
by Baeyer,-" he showed that alizarine was not, as was then 
supposed, a naphthalene derivative, but that it was derived 
from anthracene ; -" that it was a quinone ; and that, in par- 
ticular, it was a dioxy-anthraquinone. The.se chemists after- 
wards accomplished the synthesis of this valuable colouring 
matter,-*' which was at once prepared technically according to 
a method elaborated by (Jrabe, Liebermann, and Caro ; '^' thus 
leading to one of the most extensive industries of the present 
time. 

It may be stated generally that the theory of the aromatic 
compounds had a great influence in technology and especially 
in that of dyes. Although the aniline colour industry was 
called into existence quite independently of these investigations 
(especially by Hofmann's tomprehensive researches on aniline, 
and the bases homologous with it), and although the first 
aniline colours had been discovered and turned to account long 
prior to the publication of Kekule's celebrated paper — mauvcine 
by I'erkin ^" as early as 1856, and fuchsine by Verguin^' in 1859, 
after it had been previously observed by Natanson,"- Hof- 
niann,^^ and others — still its further development is intimately 
connected with the more accurate insight into the constitution 
of the aromatic compounds. With respect to this, it is only 
necessary to recall the discovery of orthotoluidine by Rosen- 
stiehl,*^ and the explanation of the chemical nature of rosaniline, 

'■" Petersen, Berichte. 6, 36S and 400. '■" Annalen. 140, 295. 
'-'' Berichte. I, 49. '■" Annalen. Supplementland 7, 257 ; Berichte. 
2, 14. ^ Ibid. 3, 359. * I'erkin, Zeitschriri flit Chemie. 4, 700; 

Annalen. 131, 201. ^' Repert. de Chiiiile appliquee. 2, 114, 299; 
compare nlso Dingl. Polyt. Journ. 154, 2J5, 397. ■''- Annalen. 98, 
297. '■" Jaiircsbericht 1858, 351. ^* Zeil.schrift fiir Chemie. II, 557 ; 

la, 189-190. 
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which was eventually furnished by E. and O. Fischer,*^ the way 
having been prepared by Hofmann.^ 

The manufacture of other classes of dyes has also arisen 
independently of this theory, although no doubt advanced by 
means of it. Examples of these substances are the phenol 
dyes, of which the first repre.sentativc is rosolic acid, discovered 
by Kollie and Schmitt •'" and simultaneously J. Persoz;-'' and 
this group was greatly enlarged by the phthaleincs, discovered 
and studied by Baeyer.*' Other examples arc the azo-dyes, 
which are, almost without exception, connected with the im- 
portant researches of Griess. 

The influence which Kekule's conception of the aromatic 
compounds exercised upon the views concerning the more 
complicated hydrocarbons is much more direct. 

Krlenmeyer,^" in an interesting paper on aromatic acids, 
which contains a criticism of Kekule's views, assigns to naph- 
thalene, C|yH>„ the formula ; — 

H H H H 

II I ! 

c=c— c=c— c=c 

'-II 

H-C C— H 

II II 
H— C— C— H 

In accordance with this formula, naphthalene could be con- 
ceived as composed of two benzene hexagons with two carbori 
atoms common to both of them. Grabe rendered this concep- 
tion very probable by means of experimental investigation.'! and 
theoretical considerations.-" Aronheim's synthesis of naphtha- 
lene from phenyl butylene ■*-' also tells in support of it, and so, 
especially, does Fittig's synthesi.s of a-naphthol '•' (the he.vagon 



" Annalen. 194, 242. *• J. pr. Chem. 87, 226 ; Jahreslierichi lS6j. 
417; 1864, 819; -Annalen. 132, 160 and 2S9. '■" Ibid. II9, lS9' 
■* French Patent, 21st July 1862. ■« Annalen. 183, I ; 302, J<»- 
•"' Ibid. 137, 327. ■" Ibid. 149, I. « Ibid. 171, 233. •" Filtiganii 
Erdmann, Berichte. 16, 4J ; Annalen. 227, 342. 
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armula for benzene being assumed). This view concerning 
naphthalene leads to the assumption of two isomeric mono- 
substitution products. Faraday had, in fact, prepared two 
naphthalene mono-sulphonic acids,^ and many similar cases 
have been observed since then. It has even proved possible 
in the cases of naphthalene derivatives to carry out determina- 
tions of the positions of the atoms with a very high degree of 
[irobability ; and here, also, after a detailed study of the naph- 
thalene series, a marked agreement between fact and theory is 
observed.'*'' 

Anthracene, the starting point in the preparation of so many 
interesting compounds and valuable dyes, was early recognised 
as a closed carbon chain, and as " a nucleus derivable from 
benzene." Griibe and Liebermann,''" in their first communica- 
tion on the connection between alizarine and anthracene, pro- 
posed a formula for the latter, in accordance with which it is 
represented as tribenzene ; that is, as made up from three 
molecules of benzene and as having four of its carbon atoms 
common to two diflferL-nt hexagon.s. Besides this, in Iheir 
detailed paper they afterwards advanced another similar 
formula for anthracene, which, however, seemed to them to 
be less probable. After the discovery of phenanthrene (which 
is isomeric with anthracene) and the special study of it, for 
which we are indebted to the almost simultaneous investigations 
of Grabe and Glaser-*" and of Fittig and Ostermeyer,"* the first 
anthracene formula was recognised as representing phenan- 
threne and the second one was retained for anthracene. 'I'he 
*:er formula meets all requirements, and this is a matter 
ich is really astonishing, in view of the numerous isomerisms 
the anthracene group. It is also capable of giving a elear 
representation of the neat synthe.ses of anthraquinone, ali/arine, 
quinizarine, and purpurine, effected by Kekule and Kmndu- 



•" I'hil. Trans. 1826, 140; Ann. Chim. [2] 34, 164. " Co* 
ecially Reverdin and Ntilting, Ueher die Consliliilion ,\v<. Nr 
nf iSSo; alsn Lieliermann ami DittkT, Anniili'ii. 183. 22N. 
49. ■•" Ibid. 5, S61 and 96S; Annalen. 167, ill 
933; Annalen. 166, 361; cnm|»re also Hayc\vicV,\ 
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mont/" by Baeyer and Care,**' and by Piccard,*i since it brings 
out plainly the relations between phthalic anhydride and 
anthraquinone. 

Further, the constitutions of fluorene, fluoranthene, chr)'- 
sene, and retene, as well as their relations to benzene, are now 
cleared up. Fluorene, CiaHjj, discovered by Berthelot,''- is 
obtained by Fittig "^ by the distillation of diphenylketone with 
zinc dust, and is thus recognised as diphenylene methane, 

I )CH.,. Fluoranthene (idryl), CisHj,,, isolated by 

C«H/ 

Goldschmiedt "* from a semi-solid by-product obtained during 
the distillation of the ores of mercury at Idria, and also occur- 
ring in coal tar,'*' is probably represented by the formula — 



CgH^ — /^^ 




Chrysene, CigHjo, is recognised, from a synthesis of it 

C„H,-CH 
effected byGrabe,*^ as a naphthalene-phenanthrene | li 

C,oHe-CH 

that is to say, as phenanthrene in which one of the phenylene 
groups is replaced by a naphthalene group. Finally, retene, 
CjgHjg, according to the investigations of Bamberger and 
Hooker,''" is a methyl-propyl-phenanthrene — 

CH — CjH^ 

" ' CH3 
CH— C6H2(-.^j|^ • 

Hence, it can scarcely be doubted that the other hydro- 

■» Berichte. 5, 908. ■■>» Ibid. 7, 972; 8, 152. •'' Ibid. 7, IT^S- 

•■'- Annalen. Supplementband 5, 371. ™ Berichte. 6, 187; Annalen. 

193, 134. " Berichte. 10, 2022. " Fittig and Gebhard, ibid- 

10, 2143; Annalen. 193, 142; Fittig and Liepmann, ibid. 200, I' 
™ Berichte. 12, 1078. ''' WiA. 1%, \02\and 1750; Annalen. 229, 102. 
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carbons with high molecular weights; which are not so fully 
examined as yet (such as pyrene, picene, etc.), may be derived 
from benzene in an analogous manner. 

Some other investigations in which a relationship can be 
recognised between certain compounds containing nitrogen — 
especially the alkaloids — and benzene, appear to be probably 
still more important than the foregoing. This branch of the 
subject, only opened up a few years ago, already presents so 
many remarkable results that it cannot be omitted here. 

The analogy of the formulae of benzene, QH„, and naph- 
thalene, CjjHg, on the one hand, with those of pyridine, 
C5H5N, and quinoline, CaHyN, on the other, admitted of the 
hypothesis that the latter compounds might be derived from 
the former by the replacement in each of a CH group by N, 
and consequently the following formulae were advanced for 
pyridine and quinoline. 

S H CH 





Pyridine. Quinoline. 

This view was made known by means of private communi- 
cations by Korner, and is usually known as Korner's hypothesis. 
It was first published by Dewar.^ 

A large number of facts can now be adduced in support of 
the view, and the more important of these may be mentioned 
here. 

Anderson, the discoverer of pyridine, had already found in 
animal oil, besides pyridine, a number of homologous bases.^ 
The further examination of bone tar has yielded, as yet, only 
methyl pyridines,*" just as methyl benzenes only are contained 

* Chem. News. 23, 38; Zeitschrift fiir Chemie. 14, 117. '* .\nn- 
alen. 60, 86 : 70, 32 ; 75, 80 ; 80, 44 ; 94, 358 ; see also L'nvenJorl^n. 
Po^. Ann. If, 59. * Weidel, Berichte. 12. 1989: La<lenl.urg and 

Roth, ibid. 18, 47 and 913. 
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in coal tar. Ethyl and propyl pyridines are already knovm, 
however."' On o.xidalion, these bases behave exactly like the 
alkyl derivatives of benzene ; that is to say, every side-chain, 
by sufficiently energetic oxidation, yields a CO^H group ; su 
that, in this case also, conclusions may be drawn as to the 
number of side-cliains in the base oxidised, from the ba.sicity 
of the acid jirodufcd. 

The isomerisms amongst the derivatives of pyridine are far 
more complicated than in those of benzene, since the hydrogen 
atoms are not similarly related to the pyridine nucleus and 
three tlifferent mono-substilution products mu.st exist, as was 
probably first pointed out by Weidel."- This conclusion is like- 
wise confirmed by experiment, as three mono-carbonic acids,'^ 
three methyl-pyridines'''-' and three ethyl-pyridines""' are known. 
Determinations of the positions of the substituting atoms or 
groups in the |)yridine series have been accomplished wiih 
tolerable certainty by Skraup.'"' 

As additional supports for the pyridine formula, there may 
also be adduced the synthesis of pyridine by Ramsay''" (which 
is upon the same lines as the famous .synthesis of benzene from 
acetylene l>y Berthelot ''*) as well as the synthesis of pyridine 
derivatives."'' Finally the conversion of pyridine derivatives 
into benzene derivatives"" is of importance in this connection. 

The formula for quinoline is also based upon nunnerous 
syntheses, of which that by Konigs"' may be mentioned here as 
the first. This was followed by that of Baeyer'^ and then by 



"' Williani.i, JahresliL-richt 1S55, 549; 1S64, 437 ; Cahnurs and Kluiil. 
Cnmptes Remlus. 92, 1079; Lailenlmrg, Bcrichlc. 16,2059; 17,772^1"'' 
1121 : 18. 1587 ; Ilrifmann, ihid. 17, 825. "■-' Uiiil. 12, 2012. " Ilulitr. 
Annaleii. 141, 271 ; Uerichlc. 3, 849 : Weidel, ibid. 12, igSg ; Skmup, iWiJ- 
12, 23V. " Weidel, ibid. 12, 1989; Behrmann and Hnlmaiin, ibiil 

17,2681. "'■' Wisclinegradsky, ibid. 12, 14S0; Ladenlmrg, il>id. llSi 

2059. "'■ .Skrau]) and Co1>enzi, Moiiatshefte. 4, 450 : conijare »'*' 
Latlenburg, Kerichle. 18, 2967. <i" Ibid. 10, 736. * Ann. Chira. (4) 
9, 469. "" Ilantzscli, .Annalen. 215, i ; IV'chmann and Welsh, Bet- 

ichte. 17, 2384 ; Behrmann and Ilnfmanii, ibid. 17, 2681. '"' Lndenbuig, 
I'liiil. 16, 2059. "' Ibid. 12, A j J. "- Ibid. 12, 460. 
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the one of Skraup "" which has become so important for the 
whole group. This latter .synthesis depends ui>oii the carrying 
out of one of the ideas indicated by Oriibe."^ 

Quinohiie, also, is the starting-point for a large number of 
[compounds, which are formed from it and can be converted 
into it just as benzene passes into aromatic compounds and 
can be obtained from them. 

I The relations between pyridine and quinoline, which are 
quite analogous to those between benzene and naphthalene, 
are also worthy of mention. In the same way that the latter 
is converted by o.xidation into benzene-oriho-dicarbonic acid 
(phthalic acid"''), so quinoline, according to Hoogcwerff and 
an Dorp,"" is converted by oxidation into an ortho- (ofi-) 
pjTidine-dicarbonic acid. 

But what is of the greatest significance is the fact that the 
ost important alkaloids are derivatives of pyridine and of 

Ilquinoline (or of their hydrogenised derivatives) in the same 

ay that the aromatic oils are derivatives of benzene. The 
first fact bearing upon this relationship was found out by 
Gerhardt in 1842, when he discovered quinoline as a product 

f the decomposition of quinine, of cinchonine, and of strych- 
nine." Huber obtained in iSfiy, by the oxidation of nicotine,"^ 
an acid C,;H-NO.j which he recognised, three years later, as 
pyridine-carbonic acid^'' — a fact which was at first di.sputed and 
then confirmed.**" Piperidine, which wa.s discovered by Wert- 
heim and Rochleder by the decomjwsition of piperine,'''' and the 
correct formula of which was established by Cahours**- and by 
Anderson,**^ was regarded by Hofniann as a hydrogen addition 

iroduct of pyridine,"^ a view which was proved to be correct 

y Konigs and others.*" 



■" Monatshefte. I, 317; 2, 141. '* Annalen. 201, 333. "" Laurent, 
ibid. 19, 38; 41, 98. ™ Bcriclilt. 12, 747. " Annak'ii. 42, 310 
44, 279. ^ Iliirl 141, 271. ™ Bcrichte. 3, 849. 
145, 328; and Laiblin, ibid. 196, 129. " Ibid. 54, 254 ; 70, 58 
84, 34a. *' Ibid. 84, 345. " Berichlc. 12, 9S4. "" 1 
Schotten, ibid. 15, 421 ; Uofmann, ibid. 16, 5S6 : Lnden^ 
156, 38S; l.adcnlnirg and Kolh, 17, 513. 



"" Wcidel, ;\nnalfn. 
»■' Ibid. 
■" Ibid, r 



286 HISTORY OF CHEMISTRY. [LECTURE XIV. 

These and other facts, which seemed to place beyond 
doubt the relations of several natural bases to pyridine,** led 
Wischnegradsky to the opinion stated above regarding the con- 
stitution of the alkaloids ; *" and this was more fully discussed 
and established, a year later, by Konigs.^ Since then, this 
view has gained ground more and more ; especially as a series 
of facts have been discovered in support of it. Thus Weidel 
obtained a pyridine-tricarbonic acid by the oxidation of ber- 
berine;*'* Gerichten was able to prepare pyridine-dicarbonic 
acid from narcotine,'-'*' and Ladenburg dibromo-pyridine from 
atropine;'-'' while Hofmann converted coniine into propyl- 
pyridine.""^ 

The results which attended this view of pyridine and of 
quinoline, and the recognition which they met with, led to the 
introduction of a similar view concerning many other sub- 
stances. In the first place it is necessary to consider the 
formula which was assigned as early as 1869, by Baeyer and 
Emmerling,'-'^ to indol,'-'^ the starting-point for most of the 
indigo derivatives : — 



»^^r 



CH 
CH 



H Nff 

Indol. 

According to this formula indol is represented as a double 
nucleus resembling naphthalene and quinoline. This mode of 
representing it acquired greater significance when Baeyer and 
Emmerling,"^ somewhat later, regarded pyrrol also as a "ring.' 
The same relation was now assumed between pyrrol and 



^ Weidel, Annalen. 173, 76; Ramsay and Dobbie, Berichte. II, 3^- 
*' Ibid. 12, 1506; compare also ladenburg, ibid. 12, 947. ** Sludicn 
liber die Alkaloide, Munich 1880. *» Berichte. 12, 410. '■" Annalen. 
210, loi. ^' Ibid. 217, 148. »2 Berichte. 17, 825. *• Ibid. 2, 
6;g. ^ Baeyer, ibid. 1, 17. »* IbW. 3, 517. 
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idol as between pyridine and quinoline or between benzene 
nd naphthalene : 



HC 



CH 



HC>v ycH 

NH 

Pyrrol. 



The analogues are : 

Benzene. 

CsH^N 
Pyridine. 

C4H5N 
Pyrrol. 



Naphlhalene. 

C„H,N 
Quinoline. 

CsH.N 
Indol. 



At the same time, tetra-phenol '••* (furfuran), C4H4O, dis- 
overed by Limpricht, was represented by a formula analogous 
that for pyrrol, the NH group of the latter being regarded 
s replaced by O. Related to furfuran, there is thiophen, 
!^4H^S,''^ (discovered more recently by V. Meyer), which is 
ooked upon as thiofurfuran, and which has already become of 
;reat importance on account of its numerous derivatives. In 
he case of thiophen the resemblance exhibited by it and its 
lerivatives to benzene and the benzene derivatives is particularly 
loteworthy. 

Carbazol,'* discovered by Fritzsche, may also be mentioned 
lere — a substance which Grabe ^ regards as fluorene, in which 

3H., is replaced by NH, thus: | ^NH. Further, there is 

Qh/ 

icridine,'*" found in crude anthracene by Grabe and Caro, 
vhich is regarded as a derivative of anthracene "" or of phen- 



<* Berichte. 3, 90. <" Ibid. 16, 1465. " J. pr. Chcm. 73, 286; lOI, 
542. •* Annalen. 167, 125; 174, iSo. '™ Ibid. 158,265. "" Kiedel, 
Berichle. 16, 1609; Bernthscn and Bender, ibid. 16, 1803. 
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anthrene '"- in which an atom of nitrogen has taken the place 
ofCH. 

I have already stated (p. 117) that all these investigations 
as to the conslilulion of organic compounds were occasioned 
by the numerous cases of isomerism which meet the chemist 
at almost every step, and the existence of which seems to 
require some explanation. It must be acknowledged, that the 
theory of the valency or atomicity of the elements fulfilled this 
requirement to a large extent, and in this lies the great import- 
ance of that theory ; whereas, on the other hand, it cannot be 
denied that the jjrinciples of the theory are far from being 
clearly and precisely worked out — a matter into which I intend 
to enter more fully in the next lecture. But attention may 
here be called to the fact that not merely is the possibility 
of an explanation of these isomerisms su[)plied to us by the 
advancement of our theoretical knowledge, but this explanation 
chiefly depends upon the much more extensive experimental 
material at our disposal, .^nd this material has, in great part, 
been obtained by the application of a method which, even 
although it has been recognised for a long time as a possible 
one, has only attained to pre-eminent importance within com- 
paratively recent times. I refer to the method of synthesis, 
which is, moreover, in many cases, not merely a means to an 
end, but is itself the aim of the experiments. 

In an earlier lecture (p. it6)the synthesis by Wijhler of 
an organic compound (urea) was mentioned, and also the 
importance of this synthesis in regard to our whole conception 
of nature. Similar results were only obtained in the cases of 
other substances long afterwards, and the value of this method 
was shown in a proper light by Berthelot's comprehensive 
work.'"" The syntheses of some specially important substances 
— marsh gas, ethylene, alcohol, formic acid, benzene, etc.- 
also originated with Berthelot. 

It has been found in many cases that the earlier analytical 



"" Ladenbiirg, Bcrichlc, 16, 2063; Grabe, ibid. 17, 1370. 
organiquc fondee sur la Synlhcse, Paris i860. 
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Dethod is not sufficient for establishing the chemical nature of 
I compound, and that the synthetical method constitutes a 
lecessar)' coniplonient. The first method usually precedes the 
econd ; but, in the history of a substance, its synthesis, with 
are exceptions, marks a period, and, with it, the interest which 
he scientific investigation of the substance presents, is usually 
X an end. 

From this point of view, the syntheses of specially important 
ubstances are worthy of mention here. Thus alanine was 
irepared, in 1850, by Streckcr, from aldehyde ammonia, hydro- 
yanic acid, and hydrochloric acid."" Five years later, Zinin 
ibtained mustard oil from allyl iodide and potassium thio- 
iyanate,'"' its connection with garlic oil having already been 
istablished much earlier by Wertheim.'"" Glycocoll was pre- 
)ared synthetically by I'erkin and Duppa'**" from bromacetic 
.cid and ammonia, and Hiifner afterwards obtained leucine^"* 
n an analogous manner. Racemic acid was prepared syntheti- 
:ally by Perkin and Duppa '"" froiri dibromsuccinic acid, and 
nalic acid by Kekule^'" from monobronisuccinic acid. We 
Lte indebted to Kolbe for the synthesis of taurine,"^ a substance 
vhich he prepared from isethionic acid. Anthracene was first 
irepared artificially by Limpricht, by boiling benzyl chloride 
vith water;"- and guanidine was prepared by Hofmann,"' 
vho obtained it from chlorpicrin, and by Erlenmeyer,"^ who 
)btained it from cyanamide by the action of ammonia. 
Volhard prepared creatine .synthetically from chloracetic acid,"* 
jy converting the latter into sarcosine by the action of methyl- 
imine and then converting the sarcosine into creatine by means 
af cyanamide. Picoline and coUidine were prepared syntheti- 
:ally by Baeyer"'' from aldehyde ammonias; crotonic acid, 
jy Kekuld, from aldehyde;^'" and glycerine by Friedel and 



"»< Annalen. 75, 29. '«> Ibid. 95, 128. ™ lUd. SS, 297- 

'« Il.i<l. 108, 112. I™ Hufner, J. pr. Cheni. [2] I, 6. ™ Journ. 

"hem. Soc. 13, 102 ; Annalen. I17, 130. "" Ibid. II7, 120. "' Kolbe, 
ibid. 122, 33. "'■' Iliid. 139, 30S. "' Bcrichle. I, 145. "* Annalen. 
146,259. '"> Zcitschrift fUr Chcmic. 12, 318. "» Annalen. 155, 283. 
'" Ibid. 162, 92. 
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Silva, Starting from acetone.'"* Wurtz''* converted glycol 
chlorhydrine into choline (neurine) by means of trimethylamiiie, 
whilst Reimer and Tiemann obtained vanilline from guaiacol.'" 
Grimaux synthetically prepared allantoin,'-* alloxantine,''^ and 
citric acid;'^* and, more recently, Erlenmeyer prepared 
tyrosine,'^* Ladenburg, piperidine '^^ and coniine,'^* and Hor- 
baczewsky, uric acid.'-''^ The synthesis of indigo blue by 
Baeyer '-" also deserves to be mentioned, since not only did it 
familiarise us with the preparation and furnish us with an 
explanation of the constitution of an important colouring 
matter, but it was accomplished, besides, by means of new 
and peculiar reactions. 

Special attention is due to the general methods which 
permit the synthesis of whole groups of substances. The 
most important of these methods will be specified here. 

Frankland was the first who succeeded in building up 
hydrocarbons.'-" He obtained dimethyl (ethane) from zinc 
and methyl iodide, and diethyl (butane) from zinc and ethyl 
iodide. This reaction was extended by VVurtz, who treated 
mixtures of alkyl iodides with sodium'** — a method which 
Fittig and ToUens turned to account in the synthesis of aro- 
matic hydrocarbons.'*' It had already been found possible to 
obtain hydrocarbons, according to a reaction discovered by 
Berthelot, by the distillation of benzoates with salts of the 
fatty acids.'*^ A synthetical method was elaborated by Zincke, 
which permits of the preparation of hydrocarbons with two 
phenyl groups, and depends upon the action of benzyl chloride 
upon aromatic hydrocarbons in presence of zinc dust."* These 
compounds can also be obtained, according to Baeyer, from 
aldehydes and aromatic hydrocarbons, by the aid of substances 

"» Bull. Soc. Chim. [2] 20, 98. "" Annalen. Supplementlrand 6, n^- 
'■•» Berichte. 9, 424. ™ Ann. Chim. [5] II, 389. i- Jahresbericht 

1878, 361. '-'•' Comptes Rendus. 90, 1252. ™ Annalen. 219, l^'- 

'■•» Berichte. 18, 2956 and 3100. >■» Ibid. 19, 439 and 2578. ^Mon- 
atshefte. 3, 796 ; 6, 356. '■* Berichte.»*'f3, 2254. >'■* Annalen. 7'> 

171 ; 74, 41 ; 77, 221. I'" Ibid. 96, 364. "1 Ibid. 131. ^i' 

'** Ann. Chim. [4] 12, 81. '** Annalen.iSS, 59, etc. 
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which remove the elements of water. ^'^ A method of very 
general applicability is that discovered by Friedel and Crafts,'** 
which renders it possible, by the help of aluminium chloride, 
to introduce groups of very different kinds into an aromatic 
substance, with simultaneous separation of hydrochloric acid 
or of water, and thus permits the synthesis of hydrocarbons, 
ketones, acids, etc. 

The possibility of ascending in the series of the primary 
alcohols, from one term to the next higher term, was shown by 
the investigations of Pelouze,'** Kolbe and Frankland,'*^ Piria,'** 
and Wurtz.i^* The desired end is attained by the conversion 
of the alcohol into cyanide, acid, aldehyde, and alcohol, in 
accordance with the following equations : — 

CN K f CjHsSO.K = C^HjCN + SO^K.^ 

C2H5CN -I- KOH + H^O = C2H5CO2K + N H3 
C2H5CO2K + CHO2K =C2H5COH + C03K., 
C2H5COHfH2 =C2H5CH20H. 

Lieben and Rossi ascertained the general applicability of 
the methods.!'** There is also a second mode for obtaining, 
from one alcohol, the next term in the homologous series, viz., 
by converting the cyanide (nitrile) into an amine by means of 
nascent hydrogen (Mendius '*'), and then decomposing this 
by means of nitrous acid (Hunt ^*-). A statement has already 
been made about the synthesis of secondary and tertiary 
alcohols (pp. 262 and 264). The preparation of the phenols 
from the hydrocarbons is accomplished by a process which 
Dusart, Kekuld, and Wurtz ^*^ announced simultaneously. 

Aceto-acetic ether has become of great importance in the 
synthesis of acids, as aleady stated (p. 264). Malonic ether "'' 
and benzoyl-acetic ether ^*^ have also been made use of in a 

"* Berichte, 5, 1094. '*> Comptes Rendus. 84, 1392, 1450; 85, 74, 
etc. '^ Annalen. 10, 249. "^ Ibid. 65, 288 ; see also Fehling, ibid. 
49> 95- '^ Ibid. 100, 104 ; compare also Limpricht, ibid, 97, 368. 

^ Ibid. 123, 140. ^-^ Ibid. 165, 109. "i Mendius, ibid. 121, 

129. "^ Liebig and Kopp's Jahresbericbt 1849, 391. '" Comptes 

Rendus. 64. '" Conrad and Bisclioff, Annalen. 204, 121. '** Bacyer, 
Berichte. 15, 2705; Baeyer and Perkin, ibid. 16, 2128. 
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similar manner ; whilst it has been possible, on the other hand, 
to obtain synthetically some interesting nitrogen compounds by 
the aid of aceto-acetic and malonic ethers.*** 

Perkin's reaction,*'*" which is connected with observations 
made by Bertagnini,'^ and depends upon the action of 
aldehydes on the salts of organic acids in presence of agents 
which remove the elements of water, has led to the preparation 
of a large number of acids. It was first employed in a some- 
what more complicated form, however, in the synthesis of 
cumarine.*** The conversion of nitriles into acids, already 
referred to above, has also been employed in the preparation 
of polybasic acids ; and, for this purpose, it is possible to start, 
as Simpson did,'*" from the cyanogen compounds of polyatomic 
radicals, or, as was shown by Kolbe *®* and by H. MiilW 
from the cyanogen derivatives of acids. The first conversion 
of a nitrile into an acid was carried out, however, by Pelouze,'" 
who, in 1 83 1, converted hydrocyanic acid into formic acid, 
and who reconverted the ammonium salt of the latter into 
hydrocyanic acid by the action of heat. Winkler,*** a few years 
afterwards, converted oil of bitter almonds containing hydro- 
cyanic acid, into mandelic acid — a reaction which was correctly 
interpreted by Liebig.**^ Polybasic acids can also be obtained 
by a process published by Wislicenus,*** whilst Kolbe's reaction, 
which consists in treating phenates with carbonic anhydride, 
is of great importance in the synthesis of phenol acids.'*" ^^ 
lated to this, there is Reimer's synthesis of phenol aldehydes 
from phenates and chloroform.*** 

Finally Hofmann's method for the formation of al^j' 



'■" Compare especially Ilantzsch, Annalen. 215, i ; Knorr, Boidi'' 

17, Referate. 148, 540, 1635 etc. ; RUgheimer, ibid. 17, 736. '""*'■ 
8, 1599; compare also Fittig, Annalen. 216, 115; 227, 48. '*"* 
100, 126. "» Ibid. 147, 229. *=» Ibid. 118, 373 ; 121, 153- '"'* 
131, 348. "••= Ibid. 131, 350. "3 Ann. Chim. [2] 48, 395- '"Annalm 

18, 310. "' Ibid. 18, 319. '=* Ibid. 149, 215. "' Kolbe ami 
Laut<!mann, ibid. IIS, 201 ; Kolbe, J. pr. Chem. [2] 10 93- "* *' 

ichte. 9, 423 
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>ases ^^ may here be referred to. This method he afterwards 
.Itered and considerably improved. i** 

In many of these investigations an idea was turned to 
iccount which has already borne much fruit, and which will, 
10 doubt, also be of great service in future. I refer to the so- 
iled condensation processes ; that is, to the very frequently 
>ccurring formations, both in nature and in artificial reactions, 
>f complex substances from simple ones, where several iden- 
ical or similar molecules unite to form one molecule, usually 
dth the simultaneous elimination of hydrogen, water, ammonia, 
!tc. Gerhardt drew attention to reactions of this kind when 
le formulated his theory of residues (p. 1 80), but it is only in 
;omparatively recent times — within the last thirty years or 
hereabouts — that the necessary attention has been bestowed 
ipon these processes. Berthelot was probably the first who 
:losely studied such reactions, and he obtained valuable results 
ay doing so. Amongst these results are the syntheses, dis- 
•.overed by him, of benzene CgHg from acetylene, of diphenyl 
rom benzene, of anthracene from toluene,'*' etc. In these 
xperiments he established, amongst other things, the fact, 
hich has since been frequently confirmed, that at a high 
mperature several molecules of a hydrocarbon may unite to 
rm a new molecule with the elimination of hydrogen. 
Some time afterwards, Baeyer began to work at this subject. 
s regards the difference between condensation and poly- 
msation as consisting in the fact that in the former the 
lecules combine by virtue of union with carbon atoms, and 
'le latler of union with oxygen or with nitrogen atoms. '*^ It is 
idy clear to him that for purposes of synthesis, condensation 
5ne of importance. He draws attention, besides, to very 
rtant syntheses which have already been carried out, such 
e formation of mesitylene from acetone by Kane,'*^ and 
za's synthesis of cinnamic aldehyde from bitter almond 

nnalen. 66, 129; 67, 61 and 129; 70,129; 73, 180; 74, i, 33, 117 ; 
78, 253; 79. II. "" Berichte. 14, 2725; 15, 407, 752. 762. 
Soc. Chini. [2] 6, 268. "" Annalcn. Supplementland ^, ^<^. 
22, 278. 
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oil and aldehyde by the action of hydrochloric acid.'''* He 
then turns the theoretical views advanced at that time to 
immediate account in the synthesis of picoline and coUidioe, 
which are obtained by the condensation of acrolein-amtnunia 
and of aldehyde-ammonia :—'"* 

2CaHpNHa= C„H;N + 2H„0 + NH3 
4C,H,0NHa = CgH„N + 4H.p + 3NH3. 

Kekule, a few years later, condensed two molecules of alde- 
hyde so as to form crotonic aldehyde,""' thereby throwing 
light upon the chemical nature of the so-called acrylic aldehjtie 
already examined by Lieben.'"" This reaction was afterwards 
studied by Wurtz,''''^ who showed that the two aldehyde mole- 
cules unite in the first place, without the elimination of water, 
to form aldol, the aldehyde of /?-hydroxybutyric acid, and that 
crotonic aldehyde is then formed from the latter by the loss of 
water. The general character of this interesting reaction was 
established, subsequently, by various investigations, and espe- 
cially by the researches of Claisen.'"'-' 

The idea of condensation has been greatly extended in 
recent times, every reaction in which union of carbon to carbon 
occurs amongst the molecules that act upon one another being 
designated a condensation. The word thus became synony- 
mous with synthesis, and lost all independent meaning and all 
meaning corresponding to its etymology. It is due to this 
that Baeyer's reaction for the formation of hydrocarbons from 
aldehydes and benzene and its derivatives, and likewise Perkin's 
method of forming unsaturated acids from aldehydes and the 
salts of fatty acids, came to he designated as condensations. 

The idea of condensation has also undergone change in 
another direction inasmuch as internal condensations have 
been contrasted with the processes just mentioned, which 
have in turn been called external condensations. By inienul 
conden.sations we now understand reactions in which a single 



"" Ibid. 97, 350. '" Ibid. 155, 283 and 297. "» Ibid. 163, 77- 
1"' Ibid. 106, 336; Siipplementband. 1, ti4. "* Jahresberichl 1872,449! 
'S73, 474 ; 1S76, 483 -, 1878, 612. ^™ KuTvAeu. \%a, v, ibid. 318, m. 
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molecule of a substance becomes converted into a new mole- 
cule by parting with some of its atoms, which unite to form 
such a molecule as H.j, HCl, HoO, NHg, etc. ; i.e., reactions 
which occur within a molecule. As applied to such reactions, 
the word condensation so far retains its meaning, that the atoms 
are related more intimately (that is, by a greater number of 
valencies) to one another. Amongst these reactions there are 
many processes which have long been known, such as the 
formation of ethylene from alcohol, of C2CI4 from C^Cl^, of 
aldehydes or of ketones from alcohols, of ethylene oxide from 
glycol, of anhydrides from polybasic acids, etc. But the for- 
mation of the anhydrides of monobasic acids, of the lactones 
and of the lactone acids, which have been minutely studied by 
Fittig, comparatively recently, must also be regarded as internal 
condensations. To the same class of reactions belong, further, 
the formation of cumarine, and that of the oxycumarines 
(umbelliferone, daphnetine, etc.), of isatine, indol, rosaniline, 
of rosolic acid, of the phthaleines, of the aldehydines, of 
quinoline, naphthalene, anthracene, etc. Consequently these 
jjrocesses have played an important part in more recent 
investigations, and they will engage our attention here a little 
longer. 

The formation of ethenyl-xylene-diamine and of ethenyl- 
toluylene-diamine by the reduction of nitro-acet-xylid and of 
nitro-acet-toluid, observed by Hobrecker,^"" first attracted 
Hiibner's attention to this matter. The latter chemist prepared 
a large number of analogous compounds, and was able to show 
that this abnormal course of the reduction only occurred with 
the ortho-benzene derivatives, and not with the meta- or para- 
derivatives."^ This was entirely confirmed by Ladenburg's 
investigations.^'^ The latter chemist discovered quite a number 
of reactions which proceed altogether differently in the ortho- 
series from the way in which they proceed in the other isomeric 
series. In the case of the diamines, he showed, by means of 

1™ Berichte. 5, 920. "^ Ibid. 8, 471 ; Annalen. 208, 278 ; 209, 339 ; 
210, 328. ''^ Berichte. 8, 677 ; 9, 219 and 1524", 10, wi'i, litio, «\k.. 
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reactions of this very kind, how the ortho-compounds may be 
distinguished rroni their isomers ; and he was the first to point 
out that the formation of the above-mentioned substances 
depends u[)on " ortho-condensation." Baeyer then turned iiis 
attention to this subject, and the syntheses of quinoline and of 
oxindul, already referred to, constitute the valuable fruits 
his studies. 

Closely related to this internal condensation, is intetni 
oxidation. Reactions involving the latter change are those in 
which oxygen atoms already present in the molecule, and 
generally belonging to NO._, groups, oxidise, by the dissolution 
of existing unions, other groups belonging to the same molecule. 
The first reaction of this kind was observed by Wachendorff,'^ 
but Greiff '"^ was the first to explain it. The matter involvi 
was the action of bromine on ortho-nitrotoluene, which 
latter of the above-named chemists represented in the foUowini 
manner :- — 






C„H 



(i"^j 



NOn 

ch: 



-l-jBr..= C,;H„Br, 



NH., 
CO.,H 



4-2HBr. 



This reaction furnishes the explanation of the important method," 
discovered by Baeyer,'"* for preparing isatine from ortho-nitro- 
phenylpropiolic acid, by boiling this acid with alkalies; — 



*-'«'^-iNO.. 



CzE^C . CO.H 



-I- 2KOH 



= C,H, 



O— CO 



-l-CO..K.,-i-H..O. 



NH/ 



The formation of indigo from ortho-nitro-phenylpropioli 
acid, depends upon similar rearrangements. 



>" Berichte. 9, 1345. ''* Iliid, 13, z8S, '" Ibid. 13, 2259. 
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The Fundamental Conceptions of Chemistry — Phenomena of 
Dissociation — Abnormal Vaioi'r Dunsities -Constant or 
m Variahle Valency — The Doctrine of Valency in Inorganic 
I Chemistry— The Periocic Law— Later Development of the 
I Doctrine of Affinity — Spectkum Analysis — Synthesis of 
I Minerals— Continuity of Mattf.r in the Liquid and Gaseous 
B States— Liquefaction of the so-called Permanent Gases — 
I Thermo-Chemistity — Elf.ctro-Chemistry — Photo-Chemistry 

■ — Molecular Physics— Morphotropy. 

Having now followed organic chemistry in some of its more 
recent discoveries, and having obtained a knowledge of its re- 
markable progress under the influence of the theory of valency, 
it is appropriate to suggest and to discuss the question whether 
this theory is capalile of serving as a fundamenla! principle in 
niincral chemistry ; and also to recount some of the most 
iraporUint results of investigations in general chemistry. 

Before passing on, however, to this part of our task, the 
theories themselves mu.st be subjected to a more minute con- 
sideration and scrutiny. In describing how they have come 
into existence we have not always been able to enter into the 
exact significance of their fundamental conceptions. We shall 
now turn our attention lo this matter, although, naturally, it is 
only possible to bring forward the most important points. For 
he remainder, the reader is referred to the standard text-books 
tf theoretical and general chemistry. 

■ Our views rest essentially on the precise formulation and 
nstinction of the conceptions of atom, molecule, and equivalent. 

An atom is defined as the smallest indivisible quantity of 

element which exists under any circumstances ; and most 

aerally it only exists in combination with other atoTOS. 
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H._„ Oo, No corresponding to 

Hg, Zn „ 

KoO, H.O 

CaO, ZnO „ 

Bi.,0„, Sb,08 

SnO.„ SiOo 

KOII ' 

Ca(OH)., 

Bi(OH), 

Sn(OH), 



(CH,)„ (C,H,), 

(CH3).,0, (CJIj).0 

'(C,H,);o, 
CO., 

CH.,OM, C.,H,-,OH 
C.H,(OH).„c;h„(0H)., 
C.,H,(0H)3 
C4H„(OH)„ 



Of decisi%e importance, however, as regards the nature of 
the molecule of mercury, are the experiments of Kundt and 
Warburg," which may be ndopted as a direct proof of Canniz- 
zaro's view. These physicists, by observing the velocity of sound 
in mercury vapour, determined the ratio of the specific heals at 
constant pressure and at constant volume to he 1.67 — a number 
furnished by the mechanical theory of heat, on the assumption 
that the total energy of the gas consists of the transiatory motion 
of the molecules. The demonstration, furnished by Victor 
Meyer, of the variable vapour density of iodine,'-' which, as 
Crafts in particular has shown,'" eventually sinks to one-half 
of the original density and then remains constant, can only 
point to the fact that the molecule of iodine, at high tem- 
peratures, consists of a single atom. 

A great deal more trouble was experienced in fixing the 
molecular weights of compoimds, in those cases where the 
numbers calculated from the vapour densities did not agree 
with those deduced from the chemical relationships of the sub- 
stances. In his determinations of the relative densities of 
vapours, Bineau obtained such remarkable numbers that be 
considered decomposition to be the cause of the peculiar 
volume relations." Thus he found the density of amnionium 
carbamate (anhydrous carbonate of ammonia, as he calls itjw 
correspond to six volumes, whence he assumes a decomposilion 
into four volumes of ammonia and two of carbonic anhydridft 



' Berichte. 8, 945. Pojjg. 
'" Comptes Rentlus. 92, 39. 
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Mitscherlich made a similar assumption in the case of antimony 
pentachloride,'- and so did Gladstone '■' in that of phosphorus 
pentahromide. In both of these cases it was assumed that, 
besides the halogens, the trichloride and the tribromide of the 
respective elements had been produced. Cahours^* also ex- 
pressed the same view in 1847, in explanation of the low vapour 
density of phosphorus pentachloride. 

In the same year, Grove '^ made the remarkable observation 
that water is decomposed into its elements by contact with 
brightly glowing platinum, -a circumstance which he sought to 
e.xplain as a result of the high temperature. This view met, 
however, with little acceptance, the fact that platinum can be 
melted by means of the oxy-hydrogen flame being looked upon 
as opposed to it. Consequently, Grove's experiment was re- 
garded as a result of the action of affinity : and it was explained 
as exactly similar to the decomposition of water (observed by 
Regnault) by means of melting silver, where silver oxide and 
hydrogen were .supposed to be formed."' 

Grove"s way of regarding the matter was first definitely 
proved by Henry St Claire Deville as the result of a very 
detailed investigation which constitutes the basis of the theory 
of dissociation. 

Before passing on to describe more minutely these pheno- 
mena, which are highly important for chemistry, I must here 
point out thai the views with respect to them have been affected 
by the advances which have meanwhile been made in our 
knowledge of heat. These advances have been called forth by 
the taw of the conservation of energy, which, as is well known, 
was first clearly formulated by J. R. Mayer ; ' " and they find their 
expression especially in the mechanical theory of heat and in 
the kinetic theory of gases, developed chiefly by Clausius, 
Joule, Rankine, Thomson, Helmholtz, Maxwell, and others. 
After drawing attention to the fact that the affinity of silver 



I 
I 



" Pogg. Ann. 29, 227. " Phil. Mag. [3] 35, 345. 
fjjao. 369. " Phil. Trans 1847, i : Annukn. 63, I. 
[2] 6a, 367. " Annak-n. 42, 2JJ. 
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for oxygen could not come into play in Regnault's experiment 
(since silver oxide breaks up into its constituents at much lower 
temiJeratures, and the same thing must certainly lake place in 
presence of hydrogen), Devillc shows that the decomposition of 
water liy means of strongly heated lead oxide (at 1200° to 
1300) is also observed. He succeeds in effecting the saute 
decomposition by means of ingeniously contrived apparatus, 
without the action of a foreign substance ; and in this way his 
opinion that the decomposition is a result of the high tem- 
perature is confirmed in an elegant manner.'** 

The difficulty in these investigations arises from the fact 
that the constituents separated during the decomposition, coin- 
bine again at lower temperatures, so that the decomposition which 
has occurred is not recognisable under ordinary circumstances. 
The proof that decomposition has occurred may be furnished, 
as Deville shows, (i) by diluting the products of the decom- 
position by means of a rapid current of an indifferetit gas, so 
that complete recombination is prevented ; (2) by diffusion, 
whereby the composition of the gaseous mixture is altered; or 
(3} by means of the so-called tube chaud et froid ; i.e., by .sudden 
cooling of the products of decompo.sition. 

In the forms of apparatus constructed to carry out these 
methods, Deville succeeded in proving not only the decom- 
position of water into hydrogen and oxygen, but also that of 
carbonic anhydride into carbonic oxide and ox\ gen, of carbonic 
oxide into carbon and carbonic anhydride, of hydrochloric acid 
into chlorine and hydrogen, of sulphurous anhydride into 
sulphuric anhydride and sulphur, etc. 

Supported by these experiments, Deville compares the 
formation of compounds with the condensation of vapours. 
According to him, both changes begin at definite temperatures 
and both proceed gradually. Certain quantities of heat are 
given out during the condensation of vapours, and the sanie 
thing takes place (frequentl)' tu a much greater extent) in the 



"* Comptcs licnilus. 56, 195, 322, 729 ; compare also Devillc, Lei,"""-' 
sai la (fissociation, 186^ 
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combination of two substances. But further, in exactly the 
same way that evaporation begins below the condensing point, 
the decomposition of substances can be observed below the 
true combining temperature. As every degree of the thermo- 
metric scale corresponds to a definite vapour pressure, so, in 
certain cases at least, the pressures of the products of decom- 
position can be stated. Deville distinguishes between decom- 
position by the action of heat and decomposition by chemical 
means. He applies the name dissociation to the former only,'* 
It is characterised by the facts that its different phases can be 
observed ; that it begins at one definite temperature and is com- 
pleted at another ; and that between these limits the pressures 
increase from o to 760 mm. and more of mercury, so that a 
definite pressure, due to the ga.seous products of the decom- 
position, corresponds to ever)- temperature. 

Subsequent experiments on this subject (of a very detailed 
character) have confirmed Deville's views, in general at least. 
Only those decompositions are now regarded as examples of 
dissociation which take place in opposition to the chemical 
forces and are accompanied by the absorption of heat.** The 
compiarison of these phenomena with evajwration, even if it is 
not quite generaUy applicable, still holds in the decomposition 
of solid substances with the formation of gaseous constituents, 
as was shown by Debray in the case of calcium carbonate,^' by 
Naumann in that of ammonium carbonate, '^^ of Isambert in that 
of ammonium hydrosulphide,** and by others. Investigations 
of the compounds of silver chloride with ammonia^ and <rf 
compounds containing water of crystallisation, came to be of 
special importance, because in the cases of these substances the 
different compounds with ammonia and the different stages of 



" AnnaleD- 105' 3^3- * Compare Jlofslmaon, Th>.-ureii>ci)e Ciicuiii.. 
666. ^ Coniples Kendus. ^, 603 : Bull. Sue. <;iiiii;.7. U(4 -- Licriciii. . 
4, 779. "-^ Conjpte.'- Kcndus. ^, 919; 93- 73'- "" l-innucr-. Lai.i;i. 

i)ar;;'s Haudwur'.'-rbuTli der Chtiiiii.-. 3. 4vj ; lli.->uiuiiji . LcijCiiLi. 
9. 749- 
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hydration of the salts, respectively, were indicated by the abrupt 
variations of the pressure.'* 

Pfaimdier '-'' endeavoured to explain the, at first, surprising 
fact of a partial decomposition which gradually increased with 
rise of temperature, involving, as it did, the different behaviour 
of similar molecules under the same conditions. Naumann'' 
further developed these views, and they were more definitely 
formulated by Horstmann,-* who made use of Maxwell's pro- 
bability theory '-'' of the distribution of the velocities.^" A close 
agreement between this theory and the observations was noted 
in various cases. 

Horstmann was the first who tried to establish a general 
theory of dissociation,^' starting from the principles of the 
mechanical theory of heat — especially from the so-called second 
law. This was found to be in complete accord with the results 
of experiment in one case.^- The researches of Gibbs*'' and of 
Helmholtz,'* which were based upon similar principles, were 
more comprehensive and highly productive. 

These investigations, which belong, in part, to the domain 
of physics, have become of great importance with respect to 
the question we have here to consider. Shortly after the first 
researches of Deville, the opinion was stated by three different 
chemists — Cannizzaro,^'' Kopp,'*' and Kekule^' — that the so- 
called abnormal vapour densities were to be explained as due 
to the substances concerned breaking up into two or more con- 
stituents. The latter were supposed to re-combine on cooling, 
so that no decomposition was perceptible upon distillation. 

The difficulties which thus stood in the way of a direct 



'^ Debniy, Comptes Rentliis. 66, 194; G. Wiedemann, Fogg. Aim- 
Jubelband 1874, 474. '•* Poyg. Ann. 131, 60. -' -Aunulen. Supple- 
memband 5, 341. '^ Berichtc. I, 210. ^ Phil. Mag. [4] ig, M; 

35. '*^S' '" Compare also Boltzmann, Wiedem. Ann. 22, 31. " Ann- 
alen. Suppk-mcmband 8, 112 ; 170, 192. *= Ibid. 187, 48. " Silli- 

man's juurnal. 16, 441 ; 18, 277. •" Berlin. Akad. IScr. 1S82, 22, Sj5; 
1SS3, 647. •■" Nuovo Cimentu. 6, 428; 7, 375; 8, 71. Compare alM) 
Rcpert. dc Chimie pure. I, 201. •" Annalcn. 105. 390. ^ Iliid. 106< 
142. 
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proof of decomposition, were only overcome some years after- 
wards by Pebal,^* who based his experiments on the state- 
ment, first made by Bunsen,^" that it was only possible to 
distinguish mixtures of gases from homogeneous gases by 
physical methods (diffusion or absorption). On causing the 
mixture Of gases obtained by heating ammonium chloride to 
diffuse through an asbestos plug, Pebal was able to show, by 
the colours imparted to litmus, that the gas in one part of the 
apparatus possesses an alkaline and in another part an acid 
reaction. 

In a similar manner, by means of diffusion, Wanklyn and 
Robinson * endeavoured to show the breaking up of sulphuric 
acid into sulphuric anhydride and water, and of phosphorus 
pentachloride into phosphorus trichloride and chlorine. 

Deville attacked the conclusions which these chemists drew 
from their experiments.'" According to him, complete decom- 
position w^as not necessary in order to accomplish a scfxiration 
of the constituents by means of diffusion, ^ dissociation involv- 
ing a slight increase of pressure being quite sufificient, A» the 
products of decomposition are carried forward, further quan- 
tities are formed, so that, given a sufficiently long duration of 
the experiment, a complete separation of the constituents i* 
attained at a temperature which only corrcspr^nds to a very 
slight decomposition. Deville points out that the vapf/ur den- 
sity of water is srill normal at looo'', while at this temfHniAure 
it can be shown by diffmion that dissfj<;iation has alr<;ady 
taken place ; ^ and hence he considers that the a.\m'/rmal 
vapour density must be ascribed to the undet^t/mp'/iicd vaiXAir 
of ammonium chloride. He finds what he rc-gards as a pf/nhivti 
proof of this, in the considerable mc (jf t/,-inp*;raiure whi'ii \te 
believes he can recognise up^m the intt:rn>hviT': of amm<'/riia 
and hydrochloric acid gases in a vessel ;>f'^if>u4'/ UttnuA U> 
350'.*' Robinson and VVanklyn tiaving raiv;d th*; oP>j'y,;;or» 



• Comptcs Rewi-x*. 56, 547. * I-*'.. 56, 7»>. " \>^i,.^., ly'/-^--- '•■( 
U. dissociuioa, J65. *• Ovospf** kfrAi'i. 56, 7*>. 
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llmt th<^ gA'ivx hud not hc-en sufficienUy heated prior to tbdt 
intcr-mixture,*^ ncvillc afterwards repeats the experiment in a 
manner whi< h no longer fx;rmits of this objection bein,- " 
and again otiserves a rise of temperature, the amount i: 
however, he docs not state** He finds a further argument in 
hiu favour in the fact that ammonia, when heated to itoo', 
breaks u|) into nitrogen and hydrogen. In his opinion ammo- 
niuiii chloride, after having been heated to this temperature, 
ought to yield tliese two gases on cooling as evidence of the 
formation of ammonia ; but this is not the case. 

In o|)[>osition to this argument, Than adduces the fact that 
a gaseous niixuirc is much more difficult to decompose than a 
pure gas,'*" and this is in complete agreement with Deville's 
views reganlinfz dissociation. ■•" By diminishing the partial pres- 
sure, the teni(>erature at which dissociation begins is raised;" 
or, the teni|ier;Uiire remaining the same, the pressure due to 
decomposition is diminished. Further, Than observed no rise 
in tenii>eralure on mixing hydrochloric acid and ammonia at 
360'. Even if the errors were greater in his arrangement of 
the experiment, and assuming that he was unable to measure 
very small difforences of temperature, still it is placed beyond 
doubt by his statements that only inconsiderable quantities of 
heat are liberated by the intermixture of ammonia and hydro- 
chloric acid at 360'. This is confirmed by an expefiment bjr 
Marignac,'*" who was able to show that just as loudi hot » 
evolved in the formation of ammonium chloride from amnrw* 
and hydrochloric acid as is required for its vdatilisatioa. HeoR 
it may be looked upon as fully proved that ammooittiB tbkak 
docs not exist in the gaseous state, but that it breaks gf^« 
volatilisation, into its components. 

Similar facts, e^en if not always so comvindxi^ hf»e fkt 
been observed in the cases of many other ooaipowids a^W 
molecules in the gaseous state corrr^xnd to foor vohnaes : A 
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for example, phosphorus pentachloride,^* ammonium sulphide,*' 
ammonium carbamate,*^ etc. A lengthy discussion took place 
between Wurtz on the one hand,*^ and Troost,** Deville,*^ and 
Berthelot ** on the other, regarding the nature of the vapour ob- 
tained from chloral hydrate. This discussion ended in favour 
of the former, and led to the proof of the decomposition of 
chloral hydrate upon vaporisation. 

Returning now to the definitions of our fundamental con- 
ceptions (compare p. 297), we designate as the equivalent, or 
better, the equivalent weight, that quantity of an element or 
of a radical which can replace or combine with one atom of 
hydrogen. This conception, however, no longer plays any essen- 
tial part ; another one, which stands in close relationship to it, 
having been introduced instead of it, — that, namely, of valency 
or atomicity. By this term we understand the quotient obtained 
by dividing the atomic weight by the equivalent, and it was 
discussed at length in the preceding lecture. The question as 
to whether the valency of any given element is constant or 
variable is one of particular importance. So long as we are 
satisfied to formulate and to make use of our conception of 
valency in harmony with the above definition, constant valency 
may, of course, be assumed. As soon, however, as we compare 
(as it is necessary that we should do) the valencies of the multi- 
Talent elements with one another, we can no longer assert the 
absolute constancy of the valency of any element. Even in 
the case of carbon, where the assumption of a uniform quadri- 
■valence encounters relatively few exceptions, the existence of 
carbonic oxide is at variance with its universal accuracy. We 
find a similar thing, only to a greater extent, in the cases of the 
other elements, and are therefore obliged to admit the pos- 
sibility of exceptions in every case. Two different methods 

*" Cahours, Ann. Chim. [3] 20, 369; Deville, Coinptes Rendus. 62, 
'*S7. " Horstmann, Annalen. Supplementband 6, 74. °'- Naumann, ibid. 
I<So, I. M Comptes Rendus. 84, 977, : 183, 1262, 1347 ; 85, 49 ; 86, 1 1 70 ; 
^' '90, 337, 429, 1062 ; 90, 24, 118, 337, 572. " Ibid. 84, 708 ; 85, 

32. 144,400; 86, 331, 1394. " Ibid. 84, 711, 1108, 1256, "* XUd., 
»4> U89, 1269; 85, 8; po, 112, 491. 
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have been proposed in order to bring these exceptions as far 
as possible into harmony with the system, but neither of them 
wholly gets rid of the difficulty. 

One p.nrty, under the leadership of Kekule,^' adheres to tlie 
definition of valency given above, but admits that there is • 
large <-lass of substances to which it is not applicable. This 
class is composed of the molecular compounds, the smallesi 
jiarticles of which consist of aggregates of molecules held to- 
gether by means of molecular forces. E.xamples of the diss 
are the compounds containing water of crystatlis;ition (also 
alcohol, benzene, etc., of crystallisation), the majority of double 
salts, the ammonium salts, phosphorus pentachloride, iodine 
trichloride, etc. No precise definition of them can be given, 
but they are characterised generally by the facts that they can- 
not pass, undecotii|josed, into the state of vapour (although 
Thorjie found phos[>horus pentafluoride to be an exception lo 
this rule"), and that they are eisily formed from and decora- 
posed into their molecular constituents. 

The adherents of constant valency are further obliged to 
recognise the unsaturated compounds as exceptions. Even 
although there are not a very great many of these compounds, 
still their existence constitutes a serious objection to the doctrine: 
and fruitless endeavours have been made to weaken this objec- 
tion on the ground of the tendency exhibited by such substances 
to become saturated.'"' 

The o[i]jonents of these views, whose first representatives 
are Frankland and Couper,"" define the valency of an element as 
its maximum saturatmg capacity, and under this definition the 
unsaturated compounds cease to occupy an exceptional posi- 
tion. In view of the fact that they further assume the valencj 
in the case of many elements to be considerably higher than 
had pre\nously been assumed — nitrogen and phosphorus, ff 
example, as quinquivalent, sulphur as sexi\-alent, iodine ss 



" Lehrbuch der Chetnie. I, 142, 443 ; Coitiptes Rendus. 58, j'* 
" Annalen. iSz. 204. * Compare p. 269 and Hoistmann. Theorelisclt 
Qiemie. 295. * Comijwte ip^ i-ji aiA iv\. 



.ECTURE XV.] HIStORY or CriKMlSTRY, 309 

[uinquivalent or septivalent — it is possible for them to include 
n the system a large number of molecular compounds. Rut it 
ilso becomes necessary for the adherents of this view to explain 
he change in the saturating capacity, or at least to establish 
he conditions which bring about this change in the properties 
>f the elements, if their hypotheses are to deserve the name of 
L theory. Very little has yet been done in this direction, how- 
:ver, and the little that has been done is scarcely capable of 
iOy general formulation.*' On the other hand, a number o{ 
acts have become known which can only be explained with 
lifficulty on the assumption of constant valency ; such, for 
ixample, as the identity of the uaphthyl-phenyl sulphones and 
>f the tolyl-phenyl sulphones which can be prepared in dif- 
ierent ways ; •- or such as the isomerism of the two triphenyl- 
>bosphine oxides, one of which, P(C(,li,J/J, is supposed to 
X)rrespond to phosphorus pentachloride ; and the other, 
?(CflH5)20CgH5, to phosphorus oxychloride.**** 

It is clear from these few observations that the subject of 
'•alency, quite apart from any mathematical basis ^ which is at 
jresent altogether wanting "), must still be called a very anouxa- 
ous and uncertain one, and that there is no existing conceplior. 
>f it which is capable of dealing in a logical manner with the 
irbole domain of chemistr)-. 

That the idea is still retained, in spite of this, and that it is 
^en yet rt^rded as one of the most import;int principles, is 
ixplicable, in organic chemistry at least, on account of the 
ilmost marvellous consequences which the latter branch of the 
nibject is able to show as the result of its assistanc<r during the 
ast forty years. In inorganic chemisir)-, however, the state o: 
natters is ven different. 

No doubt a favourable and helpful influence ma}- be ob- 
served in inorganic chemistry also : and, in particular, daaa^ 

•' Cumparc. however. Ilorsiiuanr.. Tlieorelisclie Cbemie. 3Z7 tf 
van 'l Hoff, Aiuichien ui»er die Orj^iiiiiscix: Ciieuiie. I. 3. " Mi 
ind A<iair, Bericbte. to. 5^3: II. 116. ^- Micbaelis and Li 

bid. Z8. 21 18. ** Cuui(Mr<:, iiuwever, Kekulc, Aimalen- Sfei 

iaxyei, lierkhlc. 18, 2x77. 
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(what must be regarded as specially important) pointed out 
clearly the advantiges i>f considerations of the kind. It is for 
this reason that his paper at once made a great sensation, 
whereas that of Newlands remained quite unnoticed.*" 

In the tabulation adopted by Mendelcjelf, the elements 
are arranged according to their atomic weights ; but they are 
further arranged into divisions in such a way that the elements 
which are analogous to one another fall into vertical columns 
and form groups, whilst each set of from seven to ten elements 
succeeding one another in a horizontal line in the order of 
their atomic weights, constitutes a short period within which 
the properties (physical as well as chemical) progressively vary. 
Two successive horizontal series form a long period, in con- 
nection with which it is to he noted that, in the groups, the 
analogies between elements of the even, and also of the uneven, 
horizontal series, are greater amongst themselves than those 
between elements which belong partly to the even and partly 
to the uneven series. 

Of the applications of the " periodic law," the two following 
have attained special importance: — (i) The determination or 
correction of the atomic weights of insufficiently investigated 
elements, and (2) the prediction of the properties of unknown 
elements. 

With respect to the first of these applications the following 
facts must be mentioned here. In conformity with the pro- 
posal of Awdejeff,*^ Mendelejeff assumed the atomic weight ol 
beryllium to be 9, and placed this element in a group along 
with magnesium ; whereas it had hitherto been regarded hy 
many chemists as a metal akin to aluminium, and of atomic 
weight 13.5. This new view called forth a prolonged dis- 
cu.ssion, which terminated, however, with the complete triumph 
of MendelejefFs opinion.*^ 

•' With respect to the question of priority, compare Ncwlamls, Chero. 

News. 32, 21, rg2 ; L. Meyer, Berichte. 13, 259; Menflelcjcff. ihid. 13< 

1796. ^' I'"f;g- Ann. 56, loi ; conip;irc .-ilso Klatzo, J. pr. Chcm- '"'• 

227. ** Nilson and I'eUcrssun, Berichte. II, 3S1 ; 13, 1451 ; 17.08"' 

L. Afeyer, ibiti. 13, 1780; \*.i:^'T\o\<\^,V\i'\0i.\-i,i4,\i-, UxV-sa^.ibid. 13,2035. 
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The atomic weight of indium was assumed to be 113, or 
one and a half times as great as previously, and this number 
was very soon confirmed by the determination of the specific 
heat of the metal by Bunsen^ and by MendelejefT.** The 
atomic weight of uranium was doubled — a proceeding which 
was found by the excellent and detailed investigations of 
Zimmermann** to be in complete agreement with the facts. 
Finally, it may be pointed out that Mendelejeff adopted 125 
as the atomic weight of tellurium, in opposition to the previous 
determinations which had furnished the number 128. This 
was also apparently confirmed by the redetermination of the 
atomic weight in a specially purified sample,*" but Brauner's 
most recent experiments gave essentially different results. 

But Mendelejeff's predictions respecting new elements have 
been followed by results which are simply marvellous. In 
order to render possible the arrangement into groups and series, 
and to attain approximately equal differences in successive 
members, blanks had to be left, which, according to Mendelejeff, 
would be filled up by existing, but at that time unknown, 
elements. He was able to foretell the atomic weights and 
other properties of these elements from their position in the 
system, with the aid of the properties observed in the groups 
and series, which, like a system of co-ordinates, could be called 
in to assist. Three such blanks occurred in the first five series, 
and these he indicated as representing the positions of eka-boron 
(at. wt. 44), eka-aluminium (at. wt. 68), and eka-silicon (at. wt. 
72). Since that time, these three elements have been dis- 
covered, and they have been found to possess, approximately, 
the properties predicted by Mendelejeff. They are: scandium, 
discovered by Nilson,** with atomic weight 44.1 ; gallium, dis- 
covered by Lecoq de Boisbaudran,*** with atomic weight 70; and 
germanium, discovered by Winkler,'" with atomic weight 72. 

But these are not the only results which render this theory 

** Pogg. Ann. 141, I. "^ Bull, de I'Acad. Imp. de St. Petersl)ourg. 
16, 45. ** Annalen. 213, 285 ; 216, I. '" Brauner, Berichte. 16, 

3055 ; compare p. 346. "* IJerichte. 12, 550, 554 ; 13, 1439. '"' Comptes 
Rendus. 81, 493. 1 100; 86, 475, etc. * J- pi- CVvem. \i\, •J/^, \ll. 
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most valuable. The theory has so thoroughly permeated the 
whole of chemistry, that investigations of the elements and 
of their compounds have gained a new significance. As a 
result of the bond which it establishes between the individual 
elements, it lends to every such special investigation the charm 
of a research of universal interest. 

Investigations which deal with the subject of affinity, pre- 
senting thi.s subject in a mathematical form and combining it 
with Berthollel's doctrine of affinity, are of equal importance." 

We possess investigations of this kind, in a finished state, 
which have l)een tested in the most different directions and 
have been found accurate ; so that in this respect also great 
results have been attained. 

An investigation by Guklberg and Waage'''-^ constitutes a 
new departure for advanct-ment in this direction. In place 
of Berlhollet'.s notion of chemical mass, these investigators 
introduced that of active mass, by which they understand the 
quantity of a substance contained in a unit of space. The 
chemical energy with which two substances act upon one 
another is then e([ual to the product of their active masses 
multiplied by the affinity coefficients ; and by the latter Guld- 
berg and Waage understand values which are dependent upon the 
chemical nature of the substances and ujion the temperature." 

When the substances A and B are transformed, in a chemical 
operation, into A' and £', and where, conversely. A' and /?' can 
be transformed into A and JS, equilibrium is established when 
the forces acting between A and B are equal to those acting 
between A' and B'. If the active masses A and B are repre- 
sented by / and g, and those of A' and B" by /" and g', and 
further, if the affinity coefficients are A and i', then in order 
that eijuilibrium may be established we must have — 

In applying this equation it is advisable to introduce, 

" Comimre p. 37. "^ Eludes sur Ics affiniles ctiimiques. Chtistiani* 
1867 ; J. |ir. Chcm. [2] 15, 69. ■" Compaie also Van 'l Hoff, Berichlc. 

10, 66g. 
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instead of the quantities /, q, f, and q\ the relati\-e numbers 
of molecules ; that is, the quotients obtained by dividing the 
quantities present by the molecular weights. 

This "law of chemical mass action" has been tested in 
various ways, and the observed facts have repeatedly been 
found in agreement with it In this connection, mention must 
first be made here of the researches upon ester formation 
carried out by Berthelot and P&in de Saint Gilles *• as early as 
1861 and 1862, aijd thus several years prior to the investiga- 
tions of Guldbeig and Waage. The limit of ester formation 
and the rate of the reaction were here studied, and the 
numerical values found are sufficiently close to those calcu- 
lated from theory. These experiments were continued and 
extended by Menschutkin,** who examined the ester formation 
in the direction referred to, in the cases of the most different 
alcohols and acids, and thus furnished an important contribu- 
tion to the varying behaviour of substances of different struc- 
ture. Bearing also upon this subject are the interesting 
experiments by Vernon Harcourt and Esson,*** the detailed 
thermo chemical researches of Thomsen,** and the studies 
of Ostwald"^ on chemical volume, which not merely con- 
firmed the theory but also extended it. These investigations 
are chiefly connected with the affinity relations between acids 
and bases. The conception of avidity is here introduced 
— an idea approximately corresponding to what used to be 
somewhat less precisely designated as the strength of acids or 
of bases. What is understood by this term is the profwrtion 
in which two substances are shared by a third, the quantity 
of which is insufficient for their complete saturation ; and it 
appears that the avidity is proportional to the square root of 
the affinity coefficient. 



" Ann. Chim. [3] 65, 385 ; 66, S ; 68, 225. * Uericlite. 10, I72«, 
1898; II, 1507, 2117, 2148; 13, 162, 1812; 14, 2630. Amjalt-ii 195, 
334; 197, 193. Ann. Chim. [5] ao, 289 ; 23. 14; 30, «i *" I'l'l 

Trans. 1866, 193; 1867, 1 17. *" l''>gs;- Ann 138,65; an') Th.rm.x )i<-iiiib< Ik 
Untersuchangen. I. " j, \>f. Cliem. I2J 16, 385; 18, J2>S; 19, 4'-''5; 

25, I ; Pogg. Ann. Erg2aning»ban4 8, 154; Wicdcm. \uu.a, vui.'i^v. 
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Otlit-r important investigations are those of Horstmann"* on 
the incomplfte comUustion of carbonic oxide and of hydrogen; 
that on the partial decomposition of ferrous salts by water, 
which Ci. Wiedemann"" carried out by the aid of a magnetic 
method ; and that on the ratio of the distribution of acids 
between two alkaloids, which Jelett "*"' ascertained by deter- 
mining the o(>tit;al rotatory power. But it is not possible 
to enter more particularly here into these and many similar 
researches."" 

To a certain extent in contrast with these investigations, 
which are chiefly theoretical, there is the discovery of a method 
of investigation which may certainly be regarded as one of the 
most brilliant that has been brought forward in recent tiines as 
the result of experimental research. I refer to the method of 
spectrum analysis, which has enabled us to draw conclusions 
regarding the chemical composition of distant heavenly bodies 
whose material constitution was previously altogether unknown, 
and by the aid of which the number of the known elements 
has been very considerably increased. 

It would take too much space to deal with the early re- 
searches prior to the classical investigations of Kirchhoff and 
Bunsen;!"- and therefore 1 refer, with respect to these, to the 
historical treatment of the subject by Mousson,'"^ to some 
notices by Tyndall,'"'' and especially to a paper by Kirchhoff,'*' 
which deals with them. I must content myself by simply 
making a few remarks on the matter here. 

VVoUaston, in 1802, first observed the dark lines in the 
spectrum of the sun.'"" These were more fully examined and 
determined in 18 14 by Fraunhofer,'"" to whom VVoUaston's 



^ Annalen. 150, 228. ™ Wicdem. Ann. 5. 45- "" Trans. Roy. 

Irish Acad. 25, 371- "" Compare ihe article " Affinitat " by E. Wiede- 
mann, in Ladeiiburg"s Handwortctlmch <ler Cheniie. I. I14. "" I'l'l^' 
Ann. 110, 161 ; 113,337 ; cumpari; also KirchhotT, Berlin Akail. .-Vbhandl. 
1 86 1. 63 ; Untersuchungeii illjitr das .Sonnenspeclntm unri die Sptttren 
der chcuiisclicn Elemente. '"■' Coniiaissaiices siir le slieclrc ; HiW' 



Univers. de Ceneve [2] 10, 221. '"■' Phil. Mag. [4] 22, 155. 



Ptigg. 



Ann. 118, 94. 



Phi\. Tians., \«o2, si^. "" Gilb. Ann. Sfi. 278- 
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obserrations were unknown. In 1822. Sir J. Herschel ob- 
served the bright bands'"*^ which the light of a flame coloured 
by metallic salts exhibits when decomposed. This phenomenon 
was followed up further by Talbot '"* and by Brewster."" Swan 
ptoiated out the great delicacy of this reaction, especially in the 
case of common salt.'" 

Fraunhofer drew attention to the coincidence of the D line 
with the yellow sodium line. Brewster found the potassium 
lines to correspond to others of the Fraunhofer lines, and 
Foucault "^ also made similar observations. 

There are two points in particular which are of fundamental 
importance with resjiect to spectrum analysis, and the.se we 
owe to the researches of Kirchhoff and Bunsen. The first of 
them is the fact that every element, in the state of incandescent 
vapour, is characterised by giving a definite discontinuous 
spectrum, a fact which even Swan did not venture to state with 
certainty ; and the second is the law of selective absorption, 
which Angstrom "^ and Balfour Stewart approached very 
closely, without actually grasping it fully and clearly."^ 
This law is now known as KirchhofTs law, as it was proved 
mathematically by Kirchhoff,"'' and experimentally by Kirchhoff 
and Bunsen by means of the celebrated experiment of the 
reversal of the lines. The law states that the ratio between 
the emissive power and the absorptive power is the same for 
all substances at the same temperature for rays of the same 
wave-length. From this it follows that all opaque substances 
begin to glow at the same temperature — that is, that they give 
out light of the same wave-length — and that incandescent sub- 
stances only absorb such rays as they themselves emit. Since, 
however, incandescent gases possess maxima and minima of 
light intensity, while solid and liquid substances emit light of 
every kind when sufficiently heated, the former must also possess 



""• Treatise on Light. ""' Brewster, Edinburgh Journal of Science. 
5, 77 : Phil. Mag. [3] 3, 35 ; 4. 1 14 ; 9. 3- "" fhil- M»K. 13] 8, 384 ; 
Ppgg. Ann. 38, 61 ; compare Coinptcs Rendu^ 62, IJ. '" Trans. Roy. 
Soc. Edin. 21, 411. "- Ann. Chim. [3] 58, 4/6. "' Pogg. .'Vnn. 9 
141. "* Trans. Koy. Soc. Edin. 22, l, 59. "' Yo^. Ktov. vaK), y^ 
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n selective absorptive power, and this is not the case in general 
with the latter."" The Fraunhofer lines are thus explained as 
consequent upon absorptions by means of incandescent vapours. 
Their existence led to the elucidation of the physical nature of 
the sun ; while the determination of their positions (wave- 
lengths) and the comparison of them with the emission spectra 
of the elements in the gaseous state, led to the fixing of its 
chemical composition. Kirchhoff thus became the founder of 
a new branch of chemical science — that of stellar chemistry. 
Although this branch is still comparatively recent, it is already 
in a position to show great results. By means of it astronomy 
has met with new problems, and has been furnished with new 
methods, which have immensely widened its sphere of activity ; 
but it is not possible to enter into this subject more fully hert;. 

The discoverers of the spectroscopic method of analysis were 
themselves able to establish its importance in chemistr)', not 
only by showing its application to analytical chemistry, but also 
by the discovery of two new elements — caesium and rubidium. 
We are indebted to the same method for the discovery of 
thallium by Crookes,"" and of indium by Reich and Richter;'" 
as well as for that of gallium and scandium, of which mention 
has already been made."" 

Amongst the more recent investigations in this department 
some which deserve to be specially mentioned are these of 
A. Mitscherlich, who was able to show that not merely everj' 
element, but every compound, possesses, in the gaseous state, 
a spectrum peculiar to itself,'-" and those of Pliickerand Hittorf, 
who showed that there are two spectra corresponding to ever)' 
element; i.e., that besides the line-spectrum there is also the 
band-spectrum.'-' Further, there are the investigations on 
quantitative spectrum analysis, especially those of Vierordt '*^ 



"* An exception is furnished by the salts of didj-niinm, which possess 
a selective absorptive power. "' I'hil. Mag. [4] 21, 301 ; Annalen. 

134, 203. ™ J. pr. Chem. 89, 441. '" Compare p. 313. 

"» Pogg. Ann. 116, 499 ; 121, 459. '" Phil. Trans. 1865, I. 

"" Anweiidung des Spectralapparates ?ur Photometric dcr Absorpliom- 
spectren. Tubingen 1873. 
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and of Glan.*^ Finally, there are the numerous researches 
which are directed towards establishing relations between the 
emission spectra of the elements, such as those of Lecoq de 
Boisbaudran ^^* and of Ciamician ; '^ or between the absorption 
spectra of compounds, such as those of Abney and Festing,'* 
of Kriiss,^^ and others. 

Forming a counterpart to this analytical method there is 
also a synthetical one, to which, however, the same general 
applicability that the former possesses cannot be attributed. I 
refer to the synthesis of minerals. A stimulus to making ex- 
periments of this kind was supplied by observations made by 
Koch (1809),'* and especially by Hausmann and Mitscher- 
lich, who found, amongst the slags obtained in metallurgical 
processes, products which prwed to be identical with known 
minerals. The first successful experiment of this kind originated 
with Sir James Hall, who prepared crystallised carlxmate of lim« 
(marble) by heating the carbonate under pressure,'*' Berthier 
and Mitscheriich obtained artifidal mica, pyroxene, and sioiilaj' 
minerals by fiising silica with lime, magnesia, and ferric 
oxide. '^ Gaudin prepared small rubies by fubing alumina 
(obtained by heatirtg ammonia alum) in the ox)'faYdrogen blow- 
pipe, after the addition of sook; chromic oxide,'** Cjay-Lussac 
obtained crystallised haEsnajit* by the action of water vapour on 
ferric chloride.^*' Ebeilmen succeeded in preparij]^ an exten- 
sive series of difScuMr fusible or infusible crystaJJJne mioeraJs 
by employing bo«x or bcwadc acid as a materiaJ frooj wtiich to 
crystallise them."* Becquerd obtained, in the crystalline state, 
substaiM^es insohibk in water, such as siJver chloride, silver 
sulphide, ctqarons ojdde, basic cupric carbonate, etc., by maJung 
use of slowly progressing dietnical reactions."'* 

•*• WkdtaiL Aim. X, 351 ; ctKnpare also Jlufner, J. jjr. Chem. [2] 
16, 290. ™ Compl« Kendus.ij), 445. <w<i, 657, etc. ** JJcr. Wicn. Akad. 
76(2), 499; 79 (2>, 6i & (2), 42s- "* Jvurn. Chcni. Sw. 42. 130131. 
"^ Bericblt. X6, 2051 ; *8. 142<). ^ UeUer kr>sUil). J^iiUc-n)jfixlui.n. 
"* TranE. Kqj". Soc. Edin. i, 71 ; cooijjaft <>olilcus juuma! lur d.t 
Cheaae, etc 1, 271. "" Ann. Qiim- I2J 24, 355. " Ani.aki . 23, 

234. ^ Atrn. Chim. 9o, 163 ; [2j f, 33- "^ Cumvt'-o Kc-udut. 25, 

661 ; Ann. Chim. {.3JaB,2ii. «« Ann. Cliiui. (,2j 51, ivi. 
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Although I cannot enter into further details here, I mayadd 
that Senarmont attacked and, partially at least, solved the pro- 
blem of determining, and of realising, the conditions under 
which those naturally occurring minerals are formed which 
are met with crystallised in veins. In particular, he employed 
water for this purpose, and he caused it to act under pressnre 
at ahout JSo"."'-'' It may further be stated that Sainte Claire 
Oeville '"" and his jwpils discovered and made use of the 
favourable effect of hydrofluoric acid and of other fluorine com- 
pounds in promoting crystallisation; and that Hautefeuille"^ 
was the first who artificially prejiared potash and soda felspars. 
Mention must also be made here of the numerous syntheses uf 
minerals that were carried out by I''riedel and his pupils. 

I'he introduction of the idea of the critical temperature or 
of the absolute boiling-|ioiiit signalised a great advance in our 
knowledge of the connection belween the different states of 
aggregation of substances. 

Cagniard de la Tour "* observed, as long ago as 1822, that 
on heating liquids in sealed tubes which they almost fill, a tem- 
perature can be attained at which the meniscus disappears, and 
the whole presents a perfectly homogeneous appearance. From 
this he concluded that at this temperature the licjuid is con- 
verted into gas notwithstanding the pressure. .Although these 
experiments were highly noteworthy, still they did not attract 
any considerable attention ; and it was only thirty-three years 
later that Wolf '^ and Drion "" tried to determine, in the cases 
of a few liquids, the temperatures at which they pass into the 
state observed by Cagniard de la Tour. Mendelejeff, in 1861, 
introduced the very appro[iriatenpme "absolute boiling-point" 
to designate this temperature ; and he defined it as the 
temperature at which both the cohesion of the liquid and 
its heat of evaporation vanish, and the liquid itself is con- 
verted into vapour irrespective of pressure and of volume.'*' 

'»" Annalen. 80, 212. 1™ Caron and Devillr, ibid. 108, 55; 109. 
24.2, etc. '"" Comptes Rcntliis. 90, 830. '=* Ann. Chim. [2] SI, is7i 
178:22,410. "" IbiU. [3] 49, 265. '*• Ibid. [3] 56. 33. "' Anon- 
leo. 119, I. 
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Eight years later, the ceiebratKd [laper of Andrews '•*'- ap- 
peared, in which the connection between pressure, volume, and 
temperature was accurately examined in the case of carbonic 
anhydride, which, it was shown, could not be liquefied at tem- 
peratures above 30.92° C. Andrew.s called this the critical 
temperature ; and, further, he designated as critical pressure 
the pressure which is just sufficient to bring about liquefaction 
at a temperature infinitcsimally below the critical temperature. 
Andrews's observations enabled him to draw isotherms for car- 
bonic anhydride at different temperatures, which exhibited the 
relations between pressure and volume. When this had been 
done, it appeared that the curves were discontinuous below 
30.92°, and consisted of different parts. Although slight 
changes of curvature are observed in the isotherms for tem- 
peratures just immediately above 30.92°, these are no longer 
observed at 48°, the curve at that temperature approximately 
corresponding, throughout its entire length, to the equation 
which holds for gases — 

that is, it approximates to a rectangular hyperbola. 

As a result of this investigation the de6nitions of vapour 
and of permanent gas which had previously been adopted were 
abandoned, and the word gas is now applied to every substance 
in the gaseous state when heated above its critical tennjerature.'"** 
The continuity of the liquid and gaseous states is observable 
•when a liquid is heated under a pressure greater than the 
critical pressure. In such a case a separation into liquid and 
gas never lakes place, but the liquid is transformed into gas 
without the change giving rise to any noticeable heterogeneity.'** 

These investigations exercised a decided influence upon the 
ments on the condensation of gases. Faraday, as is well 
n, was the first to turn liis attention to this matter with 



Pkil. Trans. i86g, 575. '" VVroblewsky (Monalshefte. 7, 383) 
I *ft£r»a»d» attacked the conception of critical temperature ; but the mattcx 
be further discussed here. '■" Compare Ostwald, .'Mlgemnne 
I. 267. 
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any considerable result ; and quite a number of gases wett 
liquefied by him in an extremely simple and ingenious 
manner.'*-' He operated upon the small scale only, whilst 
carbonic anhydride was first liquefied in considerable quantities 
by Thilorier.''"' Faraday then continued his investigations,"' 
making use of the knowledge already gained by Thilorier, but 
without obtaining any result in the cases of hydrogen, oxygen, 
nitrogen, carbonic oxide, nitric oxide, etc. Natterer was lik^ 
wise unable to liquefy hydrogen although he exposed it to a 
pressure of 2790 atmospheres.'''* 

It was only in 1877 that Pictet '*" and Cailletet '•'■" succeeded, 
nearly simultaneously, in liquefying the majority of the so-called 
permanent gases ; but it was not possible at that time, by the 
aid of the methods and appliances employed by these investi- 
gators, to obtain the liquids in quantity and to determine their 
physical constants (boiling-point, critical temperature, density, 
etc.). This was first accomplished by VVroblewsky,'" whose 
research may be regarded as an example of finished skill. 

The intimate connection between physics and chemistn', 
which is apparent in the matter just dealt with, makes itself 
still more clearly manifest when we pass on to thermo-chemistr)-. 
This is a subject which is of equal importance to both branches, 
and, moreover, it has been almost entirely elaborated by men 
belonging to the two sciences. Lavoisier and Laplace m.iy be 
looked upon as the founders of thermo-chemistry, not only on 
account of their experimental researches on specific and latent 
heats and on heats of combustion, but also on account of their 
masterly definitions,^''' and, especially, of the fundamental (if 
not quite precisely formulated) principle which they deduce 
from the mechanical law of the conservation of energy : — 

The heat liberated during combination or change of state 



ih 

h 



'^ Phil. Trans. 1823, 160, 189 : Alembic Club Reprints, 12, 5, 10. 

"» Ann. Chim. [2] 60, 4.27. '« Phil. Trans. 1845. 155 ; A.C.R. n.33- 

"" Pogg- A""- 5>4' 4.i^' '" Comples RenJus. 85, 1214, 1220; Ann. 

Chim. [5] 13, 145. '•'"' Comptfs Rcmlus. 8$, S51, 1016, 1213: Aon. 

[Chim. fi;] 15, 132. '" 'NVo'naVsVic^e. &, ioa,. "^ Cumpare p. 26, 
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consumed again during decomposition or return to the 
briginal state, and vice 7'ersa.^''^ 

\ This principle was enunciated by Hess, in 1840, in another 
Iform which is very important and strictly accurate for practical 
thcrmo-chemistry : — The evolution of heat corresponding to any 
chemical process is the same whether the process is accom- 

[' lished in different stages or all at once.'''^ 
Hess established this principle empirically, and he employed 
extensively in order to determine quantities of heat which 
leere incapable of direct measurement — proceeding, therefore, 
fi exactly the same manner as is done at the present day. 

The comprehensive researches of Favre and Silbermann '" 

ire of great value. These consist, in part, of very exact thermal 

|feleterminations, especially of heats of combustion, and, up till 

thirty-five years ago, they constituted the empirical basis of 

prermo-chemistry. They have now been superseded, however, 

by the excellent experiments of J. Thomsen and of Berthelot, 

jwhich embrace almost the whole domain of chemistry. 

I Thomsen '■''" recognises that the principle of Hess is a 

jfleduction from the first law of the dynamical theory of heat, 

Which he adopts as the basis of his theoretical considerations. 

Jie then advances a second principle, according to which every 

pimple or complex action, of a purely chemical nature, is 

.ccompanied by the evolution of heat ; and this he endeavours 

iO establish both theoretically and empirically. The principle 

many cases agrees with the results of experiment, but still 

ixceptions are known. These, however, can perhaps be other- 

ise explained. It may therefore be a.sserted that chemical 

rces, when acting independently, always tend to bring about 



"" Lavoisier, Oeuvrcs. 2, 287. "* Pogg. Ann. 50, 3S5 ; 52, 97. 
Ann. Chim. [3] 34, 357 ; 36, i ; 37, 406. i« Pogg. Ann. 88, 349 ; 
. 261 ; 91, S3 ; 92, 34 ; 138, 65. .See also Berichte. 2, 482, 701 ; 3, 
I87. 496, 716. 927 ; 4. 30S, S8G, S9I, 597, 941 ; 5. 170, 181, 508, 614, 
ioi4; 6. 233, 423, 697, 710, 1330, 1434; 7, 31, 379, 452, 996, 1002; 
I, 162, 268, 307 ; 10, 1017, etc. ; Therraochemische Untersuchungen, 
Four Vols, Leipzig, 1882-S6. 



V* 



[LKTI'IK XV. 




phoe 



ftactions are xt- 

teoesdy, to determine 
tlK TBJBf. of the affinities 
and ftom these values, to 
of ons^ organic com- 
jgiLOu ent has been 
lawe to be noted in respect to this 
■JKidj been poimed oat at the proper 
of Ais kiod can be employed in 
ooafimii^ the suauoie of oBgMttr oonpotnds. 

B e nbc l ot *^ adnaced dme ptindples, the first of which 
states due the erointion of heu in chemical processes is i 
nicj miie of the chemkal and physnl votk done during the 
actions. The princ^ile is thns aa appbcation of the first law of 
the djoamical tbeoiy of heat. According to the second prin- 
ciple, the evolHtion of heat in a cbentical process in which no 
ezteinal wotk is done, depends onl^ upon the initial and the 
final states of the svstem. This is a more precise statement 
of the principle of Lavoisier and Laplace (compare p. 322)- 
The third principle states that ever)- chemical transformation 
which is completed without the aid of any external energy, 
tends to produce that substance or system of substances in 
whose formation the maximum evolution of heat takes place. 

This " principle of maximum work " raised a great deal of 
commotion. Not only was its originality contested, since it was 
looked upon as a rejierition of Thomsen's principle """ (com- 
pare p. 323), but its accuracy was also attacked. Bertheloi 
defended it on both grounds, but still he was not able lo prove 
the general accuracy of the principle.'*' 



'"' Compare Horstmann, Theoreiische Chemie. 612 tl seq, '" Com- 
pare p. 278. '* Ann. Chim. [4] 6, 290 ; 18, 103 ; 39, 94 : [5] 4, 5, rtt I 
Mecanique Chimique fondee sur la Thermochiniie, Two Vols. Paris, l879- 
'* Thomsen, Berichie. 6, 423 ; Bertheiot, Bull. Soc. Chim. [2] 19, l^'->> 
Ostwald, Allgemeine Chemie. 2, 20. "" Compaie Ralhke, Ueber d« 
Principien dcr Thermochemie, Malle 1S81 ; and especially Helmholli, Zuf 
rhermodynamik chemiscHci ■Vo't^«\^e,^\\«i. iVkad, Ber. 1882, 22, 825. 
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It may be further remarked here, in passing, that the term 
thermal efTect (Warmctonung), and the words exothermic and 
endothermic as applied to reactions, were introduced hy 
Thomsen "'- and by Berthelot '"" respectively. 

Endeavours to discover the relations between electrical and 
chemical forces have occupied the attention of the most talented 
investigators since Davy and Berzelius, without, as yet, throwing 
full light upon this important department. Faraday's electro- 
lytic law "'"^ is an empirical one. It may to-day be looked upon 
as one of the most powerful supports of the theory of valency,^''-' 
and still a clear theoretical apprehension of it has not yet been 
obtained. Even the phenomenon of electrolysis itself remains 
a riddle still unsolved, although various explanations have been 
furnished by the line investigations of Daniell and Miller,'"*' 
of Hittorf,'"" and of Kohlrausch."*'' One fundamental point, 
nevertheless, appears to have been settled. I refer to the appli- 
cation of the law of the conservation of energy to electrolytic 
processes; and to the connection between chemical energy and 
electro-motive force. The elucidation of these relations is due 
to the investigations of Braun '^"' and of Helmholtz.'"" The 
former showed that there are galvanic elements whose electro- 
motive force is less, and also those whose electro-motive force 
is greater, than that corresponding to the chemical transforma- 
tion of energy. Helmholtz established the principle that the 
energy of the current is equal to the chemical energy only when 
the electro-motive force of the battery is independent of the 
temperature. When the electro-motive force increases with rise 
of temperature, heat as well as chemical energy is used up in 
the production of the current; while in the converse case a 
part of the chemical energy is liberated in the form of heat. 

The accuracy of this principle, besides having been proved 



"" Pogg- Anil. 88, 351. "" Mecin. Chim. 2, 18. '•* Phil. Trans. 
1834, 77; Vagg. Ann. 33, 301. "" Ladcobiirg, Berichlc. 5, 753. 

l« Pogg. Ann. Erganzungsband I, 565 ; 64, 18. '"" Ibid. 89, t76; 98, i ; 
103, I ; 106, 337, 513. "* Wicdcni. .\nn. 6, i, 145. "" Ibid. 5. 1S2 ; 
J[6, 561 : 17, 593. '"" liurlin. Akad. lift. 18S2, 22, S25. GesamiiieUc 
Abhandlungcn. 2, 985. 
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experimentally by Helmholtz himself, has also been proved 
experimentally by several other investigators,''^ especially b)f 
Jahn.'"- 

The relations between optical and chemical properties, 
which are equally important in theory and in practice, can 
only be touched upon here, as there are but few results of 
general importance to be brought forward. The chemical 
effects of light have been closely studied, especially in three 
cases: — i. That of the silver salts ; ''" 2, That of the process 
of assimilation by the green parts of plants ;''■* and 3, That of 
the mixture of chlorine and hydrogen.'"^ 

Draper endeavoured to prove that the chemical efifect pro- 
duced is proportional to the intensity of the light ; and the 
proof was comjileted by Runsen and Roscoe. It had already 
been recognised by Scheele that all the rays do not participate 
alike in the action of the light. This was confirmed by the 
various subsequent investigators, and it was still more definitely 
settled by Bunseii and Roscoe. As the principal action was 
repeatedly found to take place in the violet rays, the idea of 
specific chemical rays arose ; but this is now entirely dropped. 
It may be looked upon as established that rays of every wave- 
length can bring about chemical effects, although not with the 
same intensity ; and the effect.s vary according to the chemical 
nature of the sensitive substance concerned. It is further of 
importance that the maximum effect in different chemical pro- 
cesses has been found at different parts of the spectrum. It is 



'"' Czapski, Wiedem. Ann. 21, 20g; Cockel, ibid. 24, 6t8. ■" Jahn. 
ibid. 28, 21. '"' Schcele, Chcmische Abhandlung von der Luft und (Icm 
Fcuer, Ostwald's Klassiker, 58, 4Setsei/.; Scnebier, Memoires phys. chim.; 
Draper, Phil. Mag. [3] 19, 195; etc. '" Seneliier, /oc. lit.; Ingenhoua, 
Versuche mil Pflanzen, Leipzig 1780; Uaubeny, f'hil. Trans. 1836, U91 
[Jraper, i'hil. Mag. [3] 23, 161 ; .Sachs, Bot. Zeilung 1864, 59; MUller, 
IJot. Unlersuchungen 1872; Ffefier, fogg. Ann. 148, 86; I'ringsheimi 
Uerlin. Akad. Ucr. 1881, 504; Engelmann, Bot. Zeitung 1882, 663: iSiJ, 
I, 17; 1884, 81, 97; Keinke, Bot. Zcilschr. 1S84, I ; etc. "" BunKli 

and Koscoe, Pugg. Ann. lOO, 43 ; lOl, 254 ; 117, 529 ; ErgiinzungstiaiKl 
•77- 
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I of carbonic anhydride takes place in 
soon led to the supposition that a cc 



emarkable that the numerous experiments designi. " to ascer- 
jtain the maximum cfTect of the different parts of the spectrum 
in the process of assimilation in plants have not led to uniform 
results. Some find this ma.\imum in the yellow, and others in 
the red. The question is one of considerable importance. 

The fact recognised by Ingenhousz that the decomposition 

the green parts of plants, 
supposition that a connection existed between 
the chlorophyll colouring matter and the chemical process of 
assimilation; and Dumas, as early as 1844, stated the view 
that the violet rays, which are the principal ones absorbed by 
that colouring matter, must be the most active in effecting 
assimilation.'"" Lommel, on the other hand, advocated the 
opinion '" that the rays lying between the lines B and C, of 
Fraunhofer, might play the chief part in assimilation, because 
they possess the greatest intensity, and also because they 
correspond to a maximum of absorption by chlorophyll. 

Since the facts actually observed were not favourable 
to either of these views, Pringshcim, in connection with his 
investigations into the effect which light exercises upon the 
processes of oxidation within the plant organism, advanced the 
hypothesis and endeavoured to establish it that the chlorophyll 
colouring matter is not the chemically active substance, but 
that it merely serves as a screen in moderating the breathing in 
the plant which would otherwise become excessive.'"'' 

Draper endeavoured to prove that, during its action, the 
light mu,st be absorbed {loc. cit.. Note 173). Bunsen and 
Roscoe instituted quantitative experiments on this point, from 
' which it appears that, in the case of chlorine and hydrogen, 
about one-third of the rays absorbed are used up in effecting 
chemical work. But there are two kinds of cases which must 
be distinguished : namely, those in which the light must supply 
the energy necessary for the chemical process (which proceed.s 



"" Essai lie staliijue chiniiqiiu ilcs eires organises, 
Ann. 143, 581. "" Lichlwirkung und Chlorophyllfttn- 
1S79. 
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independent of the temperature, by employing, for the re- 
fractive power, the expression discovered by Laplace"^— 

- [« = refractive index, </= density]. It soon appeared, 



however, that this does not satisfy the required condition of 
being independent of temperature ; and besides, on the aban- 
donment of the emission theory of light, it had lost all physical 
importance. Gladstone and Dale "* now showed empirically 

that the expression — -j— fulfilled this condition, in many cases 
a 

at least. Landult adoj)ts the product of this value and Ihc 
molecular weight {i.e., the refraction equivalent) as the basis of 
his extensive investigations,"''' and finds that it is dependent on 
the constitution (the influence of chemical constitution is ascer- 
tained, but is not followed up). He thus succeeds in calculat- 
ing the refraction etjuivalenls of the elementary atoms of carlxm, 
hydrogen, and oxygen, and in deducing from these, again, the 
values pertaining to the individual compounds. These fre- 
quently showed close agreement with the observed values. 
Landoll, however, confined his observations to the fatty organic 
compounds. These observations were further extended, first by 
Haagen,"*'>and then by Gladstone,"*" who determined the refrac- 
tion of many inorganic compounds and the refraction equivalents 
of almost all the elements. 

In the meantime another value, ,—r, r-,, was theoretically 

'(«l'-|-2)/ 

deduced as refraction constant by H. A. Lorent/ "~ and by L. 
Loren/, "*** in two ways that were independent of each other; 
and this value was employed especially by Landolt '*" and by 
his pupil Briihl. They give the name molecular refraction to 
the product obtained by multiplying this value by the molecular 
weight ; and Uriihl investigated this property in the casa of 
strongly refracting substances, and of aromatic compounds in 

"» Mecanique celeste. 4, 232. '*> Phil. Trans. 1858, 887 ; 1S63, 317- 
•« I'ngg. Ann. I17, 353; 122, 545; 123, 595- '*" I''"'- 13'. ""• 

"" I'roc. Roy. Soc. 16, 439 ; 18, 49 ; 31, 327. ""■ VViedem. .\nn. 9, 64'' 
"» ibid. II, 70. '* BehcUc. l^, Wi»- 
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particular. 1^ He arrives at the conclusion that the atomic 
refraction of multivalent elements is variable, and that that of 
carbon, for instance, is distinctly greater when double or triple 
carbon Unkings (or unsaturated carbon valencies, as he calls 
them) occur in the compound. He determines the amount of 
the increase for one ethylene linking and for one acetylene 
linking, and then again calculates the molecular refractions ; 
and in this way he frequently arrives at numbers which coin- 
cide with the observed values. Later investigations of Nasini 
and Bernheimer 19^ and of Kanonnikoffi"^ have only partially 
confirmed the conclusions of Briihl ; but the latter still hopes 
to be able to get rid of the exceptions. ^'^ J. Thomsen has 
shown, however, that many of the values found by Briihl can 
also be calculated without the assumption of double or triple 
carbon linking. *^* These investigations attain a special im- 
portance from the fact that, according to the conclusions of 
Exner,'** the molecular refractions furnish, at the same time, 
the " true molecular volumes." 

I cannot here enter more particularly into a discussion of 
other investigations which are designed to show, in a similar 
manner, a connection between physical and chemical pro- 
perties ; and I shall content myself by drawing attention to 
individual ones. Thus there are the investigations which 
demonstrate a relation between the lowering of the freezing 
points of solutions and the molecular weights of the substances 
in solution (Coppet ^^ and Raoult "^), and which are connected 
with similar earlier experiments ; '** the research Of G. Wiede- 
mann on molecular magnetism ; ^^ and the investigations on 
the transpiration of gases by Graham,^"" by O. E. Meyer,^i 

"° Annalen. 200, 139 ; 203, i, 255, 363 ; 211, 121, 371. "' Beiblatter 
zu Wiedem. Ann. 7, 528 ; Accad. dei Lincei [3] 18, 19, etc. 
"2 Berichte. 14, 1697 ; 16, 3047 ; J. pr. Chem. [2] 31, 321 ; 32, 497. 
™ Annalen. 235, i. '^ Berichte. 19, 2837. i'" Monatshefte. 6, 249. 
™ Ann. Chim. [4] 23, 366 ; 2$, 502 ; 26, 98. '»' Comptes Rendus. 
94. 1517 ; 95. '87, 1030; Ann. Chim. [5] 28, 133 ; [6] 2, 99, 115 ; 4, 401: 
8, 289, 317. >* Blagden, Phil. Trans. 1788, 277 ; Rlidorfl", Pogg. Ann. 
114, 63 ; 116, 55 ; 14S, 599. "» Pogg. Ann. 126, 1 ; 135, 177. -"^ Phil. 
Trans. 1846, 573 ; 1849, 349. 20> Pogg. Ann. 12^, S?^ •. '^^•. '^Vs> "iVv 
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and by Maxwell, ■-■"- and on the transpiration of vapours by 
Ixithar Meytfr."-"'" There still remain to be mentioned, the funda- 
mental investigations of Biot upon the rotation of the plane of 
polarisation,'-"'' and the researches connected with them, by 
Landolt *"■ and others ; and also the experiments of Perkin on 
the electro-magnetic rotation of the plane of fKalarisalion.*" 

Finally, I must refer in a few words to relations which 
have been discovered between crystalline form and chemial 
composition, a consequence of which may be a considerable 
expansion of the idea of isomorphism. The credit of having 
discovered these relations belongs to f Iroth ; -"" and his views 
have been extensively confirmed by means of the numerous 
researches by himself and his pupils. Groth follows out the 
changes of the axial ratios which take ])lace upon the entrance 
of substituting groups, and in this way arrives at definite laws. 
He gave the name morphotropy to the jjhenomena, and caused 
experiments to be made in order to determine the raorpho- 
tropic influence of definite substitutions. The morphotropic 
effect of chlorine, bromine, and iodine, for example, proved to 
be analogous to that of hydrogen ; and hence these elements 
have been designated i.somorphotropic.-''*' It was then an- 
nounced by Hintze-'"' that isamor[)hism might be regarded as 
a special case of morphotropy ; a point to which Groth had, 
however, already directed attention. 



*'-• Phil. Trans. 1866, 249. •■»» Wiedem. Ann. 7, 497 ; 13, i. '"' Ann 
Chim. [3] 59, 206. *° Dasoptische Drehungsvermiigen organischcr Sub- 
stanzcn, 1879. -^ J. pr. Chem. [2] 31, 481 ; 32,523. '•*" Pogg. Ann. 
141, 31 ; Uerichtt. 3, 449 ; compare, however, Laurent, Coinptcs Rendos. 
'St J50> 20, 357 : McthuJe ile chimie. 156; E., 129. ^'"' Hintze, Pogg. 
Ann. ErpiniungslKind 6, 195. *'•' Habilitationsschrift. Bonn 1884. 
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The DocniNE of Phases — Vajj der Waals's Equation— Theort op 
SoLUTiox — Electrolytic Dissociation — Electro-Chem wtry 
— Attatsment or High Temperatures — Low TEMPERATtrREs — 
The New Elekests i.n the Atmosphere — The Chemwtry or 
Xitrogex — Tbassition- Temperature — Stereo -Chemhtrv— 
Racemism — Syntheses in the Sugar and Uric Acid GROOfM 
— loDoso-CoM pounds — ^Terpenes and Perfumes — New Nomeji- 
clature. 

When we look hack upon the development of chemwtry during 
the last fifteen or twenty years, we find that it w duitinguinh^d 
by the constantly increasing prominence of physical or, su 
many call it, general chemistry, which from small he|!(innin|^ 
has advanced to the positioa of a science of the fir»t rank. 
Contributions to this end have, natnrally, t^een mad^ in partis' ular 
by eminent scientists soch as Horstmann, (MA/k, van (Utr WaaU, 
and van 'i Hoff, who have devoted themselves to this d^rpdf rm«5f. 
exclushrdy and, by their ideas and d»cr>v*^Ti«, havft i^fAi^ht 
about its advanoenietic On the other hand, h^>iw*io^, it caiv 
not be denkd tiiat the advanc^mtnt d/'x« «/■»« f/^MuUc Ua- 
tuitousiy with the appearancft of fjv.w»Ui'% ^fUt 'iKtX-^^tfM. f4 
General Cbemiffiry, bat diat the bt^r, in *^vh rh^ '*ts»:(ti^. m 
for the first tiuie saicciss<*fell7 mart^ ta ^/if. '*, f/,^^^^. ff^^tc 
sentation of wiiat has he<in ar/vynj^inhi'/t v^ u, fV; ^f^t^M- mv 
this deportment, aroosed and ttimiiUeM fjv^ f>^y>ft/7 f/^^.^/k 
investi^uioa in an ai&V!BKli«r **'>^<',«s*> flfVJWWSAr ^ »»TH«r, 
the estabfahmear 17 ffv^ixii teui ■>*a. r Jf/-^ '/ fJvt ZtUmh^n/f 
fur nydkaliickt CktoKu;. .a »'^f». *;l *;vr .^V/t^"; ,^(fi^/^:X^. 
invest^stton .n ma 'tiwftir.tuwr, sva i*"-'--'* *<» t/^Xft^^^U^^ 
has done a zrsac <iest v, «{w*«u'a *:v, «.g-^///^ ««v QM# 
publicatsod auM£ vt jiar^^Jt *«>, v; »/> »>'4. 'A4 -VW* 'fM 
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representing our science and be looked upon as of equal 
value with them. 

In now passing on to the subject itself, I begin, in the first 
place, with the law of mass action, already mentioned on p. 315, 
which is apparently destined to play a constantly increasing 
part. 

These chemical studies received a new direction and a 
fresh stimulus from the theory of phases, due to Gibbs.^ The 
phase rule developed by him, and proved both by him and 
afterwards by van der Waals,^ is to the following effect:— 
Complete equilibrium can only exist when the number of 
phases present exceeds the number of components by one. 
By phases, are understood homogeneous portions of a system. 
Each state of aggregation represents at least one phase. In the 
solid or the liquid state, two or more different phases may exist ; 
a gas, however complex, can only form one phase. Complete 
equilibrium is a condition which depends only on the tempera- 
ture, and is mostly definable by a certain value of the pressure. 
By components are understood all those chemical elements 
taking part in the equilibrium, whose quantities are subject to 
independent variation.^ Ammonium chloride, for example, 
has only one component, it being a matter of indifference 
whether we choose nitrogen, hydrogen, or chlorine. If excess 
of ammonia or of hydrochloric acid is added, there are then 
two independent components. Calcium carbonate, above its 
dissociation temperature, has two independent components, 
calcium and carbon ; for the composition of the solid phases- 
calcium carbonate and calcium oxide — cannot be determined 
by the amount of calcium alone. Hence complete hetero- 
geneous equilibrium is established in the case of ammonium 
chloride with two phases, and in the case of calcium carbonate 
with three phases. 



' Trans. Connecticut Acad. 3, 108 and 343 (1876) ; German Translation 
by W. Ostwald, Leipzig 1892. ^ Rec_ Trav. Chim. 6, 265, communicated 
by Roozeboom. ' I follow here the exposition by Planck (see Article 
Thermochemie, in Ladenb\iTg,'s Ha.xvd'wotterbuch der Chemie. II, 636). 
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If there are « + 2 phases and only n components, equilibrium 
is only possible at singular points; that is to say, at some 
definite temperature (multiple point, transition or transforma- 
tion temperature). If there are just as many phases as there 
are components, the equilibrium is incomplete ; that is, to each 
temperature there corresponds a series of pressures. 

This phase rule has received numerous practical applica- 
tions, the work of Roozeboom* deserving especial mention. 
Roozeboom studied the connection of the states of aggregation, 
the equilibrium between water and sulphurous anhydride, the 
hydrates of ferric chloride, etc. The phase rule can also be 
applied to dissociation phenomena, to the reciprocal trans- 
formation of allotropic modifications of elements, and so forth.^ 

More important perhaps than the phase rule (the significance 
of which is exaggerated by many, seeing that it merely furnishes 
a scheme for the representation of heterogeneous equilibrium) 
are van der Waals's theories of corresponding conditions,^ and 
van 't HofiPs theory of solution.* 

Van der Waals makes a distinct advance by substituting 
for the gas equation, 

pv=-RT, 

deduced from the laws of Boyle-Mariotte and of Henry-Gay- 
Lussac, the expression, 



(>+«)(^,_^)=^r. 



in which a and b are constants which depend upon the co- 
hesion of the gases and the not altogether negligible volume of 
the molecules. (According to van der Waals b is to be con- 
sidered as representing four times the volume of the molecules.) 
This equation not only represents the behaviour of gases 

* Z. physik. Chem. 2, 449, 513 ; 4, 31 ; S. '98 5 10, 477 ; Rec. Trav. 
Chim. 4 et seq. ' Compare the summaries by Meyerhoffer, Leipzig 1893, 
and by Bancroft, Ithaca, New York, 1897. "" Die Continuitiit des gas- 
formigen und flUssigen Zustandes, Leipzig 1881. ° Lois de I'equilibre 
chimique dans I'etat diloue ou dissous. Stockholm 1886. Abstracted, Z. 
physik. Chem. I, 481. 
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(and especially of compressed gases) more satisfactorily than 
the original equation, but it is also capable of application to 
liquids. Moreover, since the constants a and b can be deter- 
mined in a simple manner from the critical data (volume, 
pressure, and temperature) or from the behaviour of the gases 
under high pressure, van der Waals's equation furnishes a mode 
of giving expression to the entire behaviour of all homogeneous 
liquid and gaseous substances with respect to changes of pres- 
sure, temperature, and volume ; and, on this account, it may 
Ik! regarded as of fundamental significance. Its accuracy has 
been proved by 'S'oung''"' in particular. 

The theor)' of solution is based upon conceptions that have 
arisen from the well-known experiments of PfefTer,'^ which latter 
only became possible after the discovery by Traube* of semi- 
permeable membranes. 

In explaining osmotic pressure as the result of the impacts 
of the dissolved molecules upon the walls of the vessel, van 't 
HofT arrives at a comparison between substances in the dis- 
solved condition and in the state of gas. The laws of Boyle- 
Mariotte, and of Henry-Gay-Lussac, as well as the fundamental 
hypothesis of Avogadro, can now be applied directly to solu- 
tions ; so that this branch, which has hitherto been one of the 
most obscure in the whole subject of chemistry, at once becomes 
fully accessible to investigation. As a consequence, important 
results, which are capable of being turned to account throughout 
the whole range of chemistry, are immediately obtained. 

The important relations subsisting between the depression 
of freezing point, the diminution of vapour pressure, and the 
elevation of boiling f>oint on the one hand, and the molecular 
weight of the dissolved substance on the other (which were 
ascertained experimentally and formulated by Raoult'' in 



°* Phil. Mag. [5] 33, 153 ; 34, 505. ' Osmotische Untersuchungen, 
Leipzig, 1S77. " Archiv. f. Anal. u. Phys. 1867, 87. » Ann. Chim. t'J 
2, 66, 99 ; 8, 289, 317 ; 20, 297 ; Comples Kendus. 87, 167 ; Z. phpik. 
Clieni. 9, 343, etc. The liter-iliire of the predecessors of Kaoult is vei]f 
fully given in Oslwald's Lehrbueh der Allgenieinen Chemie, Second 
Edition, I, 705 and 741. 
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articular), now attain their theoretical significance for the first 
tme. As the outcome of this, and also in consequence of 
Tiprovements and simplifications that Raoult's methods of 
lolecular weight determination underwent,*" these methods 
ery soon obtained a footing; and their results, especially those 
rem the depression of the freezing point, are considered to be 
jst as accurate as those from the vapour density. 

Raoult had already pointed out, however, that aqueous 
olutions of salts, of bases, and of acids, in particular, did not 
gree with his rules ; but always yielded results that were too 
3w, and only attained to a value from one-half to one-third of 
tiat which had to be regarded as the normal number. All 
xplanation of this anomaly wa^ at first wanting, so that the 
eneral applicability of van 't HoflPs theory appeared to be 
ilaced in doubt The difficulty was got rid of in the same 
ray as in the case of the abnormal vapour densities (compare 

•• 304)- 

Arrhenius dealt with this matter by exactly the same method 
bat Cannizzaro, Kekule, and Kopp had adopted in solving the 
>ther difficulty. His theory, advanced in 1887," adopts as 
ctually existent that condition which must be assumed to 
ixist in order to arrive at an agreement between the theory of 
an 't Hoff and the numbeis fiimidied b)- Raoult's rules. He 
[raws attentioa to the fact that it is in the cases of solutions of 
hose substances wfaicfa are ekctrolytes and break up, under the 
nfluence of the dediical current, into their ions, that numbers 
xe obtained wfaidi do not agree with theory. He now assumes 
hat the iomsabon does not merely take place as a result of the 
tassage oftfae cmrent, bat that it occurs during the dissolution; 
ind that the latter k thus accompanied by a more or le» ccon- 
»lete (electndftic) dissociation, the extent of which dt;p!3>d$ 

" Codipue cspedaOr, Vrri mtun, Z. jibyuk. (Jucm. 2, 'j^ ; 4, 532 ; 
t, 223 ; lH, 473 ; etc " Z. pofsx. Chan. I, 631- Ckasiai 'r-^j. 
Sxsa. lOl, 338) and Hchnfaciite fWtiiea- Aaa. II, 737, r.-ast -<t r«:--jv«'. 
IS predeceasoo of hxiixsiaa. Haadk 'Z, ysreviL. Caen- J, £77 i-i*' 
\tax\y tXated tibe idea, of ^t ^aKidaaJtm lA &ju 21. viac'jtA vjarjat. 
imnltaaeoBdly wift Aiihiiiiit . 

T 
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principally upon the degree of dilution. A number of methods 
for determining the extent of this dissociation very soon pre- -f;- 
sented themselves, as was pointed out by Arrhenius himself," ^, 
and also by Planck,^' Ostwald,'* and others ; and (what is vay 
important) these methods give results that agree with one 
another. 

The hypothesis of Arrhenius found a great many opponents 
— indeed it could hardly have been expected that it would be 
otherwise. The assumption that an aqueous solution of 
common salt contains free sodium and chlorine ions (which, 
however, are nothing but electrically charged atoms that be- 
have like free molecules) was certain to meet with opposition 
from chemists, since it stood in contradiction to observation 
and thus included something of a metaphysical nature. Be- 
sides, the explanation of many reactions that had formerly 
appeared simple was rendered much more difficult; as, for 
example, the decomposition of water by the alkali metals,'' 
since in this reaction no combination with oxygen and, on the 
other hand, no displacement of hydrogen ions by sodium 
ions could be assumed. But of what consequence are con- 
siderations of this kind in face of the great advantages which 
the theory of electrolytic dissociation affords ? A large number 
of otherwise inexplicable facts are satisfactorily explained by 
means of it. The so-called law of thermo-neutrality, of Hess,'* 
which has been confirmed, in part at least, by the well-known 
investigations of Thomsen '" and of Berthelot,^* is in complete 
accord with the theory of ionisation, and so are the exceptions 
to this law which must necessarily exist in cases of incomplete 
dissociation ; whereas, without this theory the facts concerned 
constitute an incomprehensible puzzle. i' 

It is similar with the identity of the heat of neutralisation 
of one and the same acid by means of different bases, and 

" Z. physik. Chem. 2, 491. " Wiedem. Ann. 34, 139. " Z. physik- 
Chem. 2, 36 and 270. " Compare however Ostwald, Lehrbuch. Second 
Edition, 2, 989. '" Pogg. Ann. 52, 97. " Thennochemische Unter- 
suchiingen. 1, 63. '* Ann. Chim. [5] 6, 325. '' Compare L. Meyer, Z. 
physik. Chem. I, IJ4. 
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f that of one and the same base by means of different 
cidsj also with the law of Oudemans^" and Landolt^^ (in 
ccordance with which the salts of optically active alkaloids 
nd of optically active acids exhibit the same rotation in solu- 
ons of equivalent concentration), with the magnetic rotatory 
ower,'^2 and with the atomic magnetism. ^^ ' Further, the 
rinciple in accordance with which the spectra of dilute 
Dlutions of different salts with similarly coloured ions are 
Jentical,^* and that according to which the molecular re- 
"active power of the salts present in aqueous solution is an 
dditive property, ^'^ are explained in the same way. But 
Tobably the most important fact of this kind is that of the 
iroportionality that exists between electrolytic conductivity 
nd avidity in the case of acids,-" with which may be coupled 
he proof, furnished by Arrhenius,^ that the extent of the 
lissociation calculated from the electrolytic conductivity leads 
o very nearly the same results as that calculated from the 
lepression of the freezing point. In these circumstances we 
annot be in doubt as to whether the hypothesis of Arrhenius 
5 warranted. 

This ionisation theory, as it is now commonly called, leads 
ts directly to electro-chemistry, which has made advances 
hat were undreamt of twenty years ago, and lias now 
leveloped into a separate branch of science that constantly 
eads to new scientific and practical results. The enthusiasm 
vith which the discovery of the galvanic current and of the 
'oltaic pile was welcomed, as sketched in Lecture V., was, as 
ve now know, perfectly justified. And even although disillu- 
lionment followed the great discoveries of Ritter, Davy, 
Berzelius, and Faraday, and although this branch remained 
inproductive for decades, still the opinion has been verified 

» Wiedem. Beibl. 9, 635. ^i Berichte. 6, 1073. ^ Jahn, Wiedem. 
Vnn. 43, 280. ^ Wiedemann, in Ladenburg's Handwiirterbuch. 7, 31. 
•• Ostwald, Z. physik. Chem. 9, 579. '■" Gladstone, Proc. Roy. Soc. 16, 
J3g ; Kanonnikof, J. pr. Chem. [2] 31, 339. '■* Arrhenius, Bihang Svensk. 
Handlingar, 8, No. 13, 1884; Ostwald, J. pr. Chem. [2] 30, 93. ^ Z. 
}hysik. Chem. I, 6jl. 
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of those who believed that untold treasures lay here whicll 
should one day be disclosed. 

The modern subject of electro-chemistry forms a con- 
tinuation to those older discoveries, and to the important 
investigations of Hittorf and of Kohlrausch (already mentioned 
on p. 325) wliich were now for the first time fully understood; 
and it leads to successive new discoveries. 

In this connection, accumulators may first of all be men- 
tioned here, since they have come into very general use, and 
without them it would scarcely be possible to employ electricity 
to advantage. Their introduction is the outcome of the dis- 
covery of polarisation by Kitler,-** and of the very exhaustive 
researches of Plants, which extend as far back as the year 
1859.-"" Plante constructed very powerful examples of the 
so-called secondary batteries ; and these were afterwards im- 
proved upon in important particulars by Faure."" 

The devising by Lippmann of the capillary electrometer," 
which depends upon the change produced in the surface 
tension of mercury by polarisation, is also worthy of mention. 

The theory of the voltaic pile, for which we are indebted 
to Nernst,^- is very important. It is founded upon the theory 
of diffusion, which was advanced by Nernst himself, and ujion 
the idea of solution tension deduced from van 't Hoff's theory 
of solution. Nernst also developed the theory of concentration 
cells in the same way, and in doing so arrived at the same 
conclusions that Helniholtz^^ had already reached by themio- 
dynaniical investigation. 

These matters mu.st, however, be disposed of here by merely J 
alluding to them, since they really belong more to the domainj 
of physics than to that of chemistry. 

Turning now to subjects that concern us more immediatelyJ 



'-■* Voigt's Magazin. 6 (1803) 105 ; comimrc also Gautherot, Sue, His 
du <;.ilvnnisino. 2, 209. "' Coniplcs Kendus. 49, 402; 50, 640; "H 
cherches sur I'clcctricitc, I'aris 1879. ■"' GL'rman t'atcnt, 1881. " Pogfrl 
.Vnn. 149, 546 (1873). ■'■' -^^ physik. Chem. 2, 613 ; 4, 139. =■ Bctii 
-Afcatl. Bcr. 1877, 711. 
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■ we shall here first consider the progress that has hcun made in 
I analytical chemistry by the application of electrolysis. The 
subject of clectrolysi.s is a verj- old one, and so early as 1 800 
Cruickshank predicted that it would be turned to account in 
this way.-''' It was qualitative analysis, however, thai alone 
derived any benefit from it at first. ^■'' Magnus afterwards drew 
attention to the fact that quantitative analysis — that is, the 
separation of the metals — must be possible by means of 
electrolysis;*' and exfwriments in the same direction were 
made moreover by Gibbs ^" and by Luckow.^"* Classen,*' 
Miller and K.iliani,^" Smith,'" Vortmann,*- and others, after- 
«-ards introduced the manifold applications of electrolysis to 
quantitative analysis ; and Classen devised the form of 
apparatus by which the experiments are generally carried out. 
The great importance of attention to the potential difference in 
these experiments was first recognised by Kiliani. 

The applications of electrolysis to metallurgy are probably 
still more important. After the re.searches of Davy, already 
fully sketched (p. 70), it was especially those of Bunscn ■'" 
(puhiished by the latter partly alone and pattly in conjunction 
with Matthiessen) that brought about any notable advance- 
ment. Electrolysis first found a technical application upon 
the discovery of electrctyping by Jacobi and Sjjcncer in 1839, 
an art which depends, howevL-r, upon an observation made by 
De la Rive in 1836. 

The technical production of rnetals by electrolysis only 

'* Nicholson's Journal (cjuarto) 4, 254. ■"' Compare, amongsl nihers, 
Davy, I'hil. Trans. 1807, 1 ; 1808, I ; Hccquerel, Mem. lie I'Acad. 10, 
284; KisclieT, C'lilb. Ann. 42, 92; Gaultier de Clauliry, Joiirn. I'iiarm. 
(.'him. [3] 17, 125: Nikli-s, Jahreslwricht, 1862, 610: Hecc|uerel. Ann. 
(him. [2] 43, 380. ■" Pogg. Ann. r02, I. •''" '/.. anal. Chem. 3, 334. 
'■" Ding). I'olyt. Journ. 177. 2J1 ; 178. 42. '"" Hanclbuch cler Eleklrolyse ; 
Berlchlc. 2y. 163 ami 2060. '" I.,ehrbucli clur an.ilylisclien (-"liemie, 

Seconil ICdilion, Munich iSgi. ■" Journ. .Vmer. Chem. Soc. 16, 93. 
420 ; 17, 612, 652 ; Eleklrochem. Zeitsch. I, 186 and 290, 313 ; Z. anory. 
Chem. 4, 96, 267, 273 ; S, 197 ; 6, 40, 43. •*■•■ Eleldrochem. Zeitsch. 1, 
138 J Monatsheflc.14, 536. ■" Annaien. 83, 137 ; Pogg. Ann. 91, 619 ; 
92, 648 ; Annaien. 94, 107 etc. 
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became possible after the discovery, in 1872, of the dynamo- 
electrical machine, which was employed immediately thereafter 
(in the North-German Refinery at Hamburg) to remove coppif 
from solutions. Other metals, such as zinc, magnesium, lead, 
silver, gold, etc., were also produced electrically afterwards. 
/\n operation of especial importance was the electrolytic pro- 
duction of aluminium, a metal which Bunsen first prepared 
by this method. ■'•' The technical process of Heroult *'' is 
different, however, from that of Hunsen, inasmuch as it is not 
a fused double chloride of the metal that is electrolysed, hul 
aluminium oxide. 

This is the place to refer to the great scientific and prac- 
tical results that Moissan obtained as the outcome of his 
experiments with the electric furnace."'' Specially worthy of 
mention in this connection are the preparation of artificial 
diamonds ; the production of calcium carbide (which had, 
however, been discovered long before by Wiihler''") and of 
many other carbides ; the preparation, in a state of purity, of 
chromium and of other difficultly fusible metal.s, etc. The first 
prejiaratinn of carborundum, which is also frequently attributed 
to Moissan, is due rather to Acheson,'"* an American. Atten- 
tion must be drawn to the facts that in many of these experi- 
ments electricity is only employed as a means of attaining to 
high temperatures (3,000' to 4,000°), and that the results fan 
also be obtained in other ways, since the same high tempera- 
tures can, of recent years, be reached by means of chemical 
reactions. An entirely new branch of thermo-industry ha.s thus 
arisen, by means of which great advances have already been 
made, and are still to be expected, in metallurgy. Of an 
earlier date is the employment of the oxy-hydrogen blowpij* 
in the melting and working of platinum, ■•'' and so is the com 
bustion of carbon and other elements (such as silicon, sulphur, 



■" Pogg. .\nn. 92, 648. ■'•'' German Patent, i>ecemUer, 1887. " Le 
Koiir fOlcclriquc. I'aris 1897 : Coniptes Rentius. 115, 1031 ; 116, J18, 14'^' 
117, 425, 679 ; 118, 320. 501 : etc. ■"' .Aniialen, 124, 220. " OimpiiK 
also Schut/enlierger, C.!oniiites Kendus. II4, 1089. ■"' Hare, Phil. M«g. 
[3} 31- 3.1^ ; further Deville and Debray, Ann. Cbim. [3] 56, 385. 
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I phosphorus, etc.) in air or oxygen at high temperatures, for the 
f purpose of attaining still higher temperatures ; as, for example, 
' in the blast furnace, or in the ingenious Bessemer process. 
The development of these methods by (ioldschmidt,'^" and 
their application to the production of metals such as chromium, 
manganese, iron, and nickel, free from carbon, and of a large 
number of alloys, are new however. 

1 must here recall the interesting results obtained, partly by 
Victor Meyer *i and partly by Crafts,'*^ by the application 
of the method of vapour density determination devised by 
the former.^ I regard as worthy of mention the proof that 
the molecule of iodine, Ij, breaks up at high temperatures into 
single atoms ; ^* and also the facts that the lieginning, ot least, 
of a similar dissociation has been ascertained in the case of 
bromine;^* that the molecule of arsenic, As^, similarly splits 
into two; that potassium iodide even at high temperatures 
corresponds to the formula KI, and cuprous chloride to the 
formula CujCl^, etc. 

If the attainment of high temperatures has thus been of 
service for the purposes of our science and of technology, bo 
likewise the endeavours, on the other hand, to obtain low 
temperatures have led to great advances, and to results of 
altogether unforeseen importance. In the preceding lecture 
(p. 322), where the inter-relations of the states of physical 
aggregation and the significance of the critical temperature are 
referred to, the results of Pictet, of Cailletet, and of Wroblcwsky 
on the liquefaction of the so<alled permanent gases are stated. 
Of especial importance were the detailed investigations of 
Wroblewsky and Olszewsky, who first obtained quantities of 
oxygen and nitrogen in the liquid state, and ()articularly de- 
scribed many of their proj^erties.'^' The mode of measuring 



* Annalen. 301, 19; Z. f. EUkuochaa'u:, 1897-98, UvU 21. ''' Jit 
richte. 13, loio. * Comptes Kendus. 90, J83; 92, yj ; iWrldiW. 13, 
851. " Berichte. II, 1867 and 1946 ; 12, 0'j<j ao<i Oil ; etc. *" <^jsi,;y> 
Reodus. 90^ 183 ; 92, 39 ; Berichle, 13, 851. '^ J^iaiiget ari'l \ i' 'oi :«!«•). 1 . 
Pyrocbemische Untersuehungen, Braunschmig 1885. * V\ !<;•;< n.. Am.. 20 
243 2"<J ^^; Wien. Akad. Ber. 1885. 91 (21. OO7 ; Moi.av^l.'l-.' ^ i'/j-; 
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temperatures by determining the potential of thermo-electric 
currents, which is now largely employed, also originated with 
them.''' In the experiments that have been carried out latterly, 
however, on the liquefaction of air and of other gases, Pictet's 
method has been abandoned again, and recourse has been 
taken to that of Cailletet (the latter method having been con- 
verted into a dynamical or continuous one) ; that is to say, the 
e.xpansion of highly compressed gases has been employed in 
order that the necessary lowering of temperature may be 
effected. Thus Dewar,'"'* in his experiments upon the produc- 
tion of liquid air, liquefied, by its own expansion, air which was 
under a pressure of loo atmospheres and was cooled by solid 
carbonic anhydride ; whereas the recent technical method con- 
sists in cooling exclusively by expansion, and the effect of the 
latter is turned to account in a very ingenious manner by the 
employment of a self-intensive apparatus. I.inde *" in Germany, 
and Hampson"" in England almost at the same time con- 
structed technically efficient forms of apparatus, based upon 
this method, for the production of liquid air. 

Liquid air has not as yet, however, found any technical 
application upon the large scale. Nearly pure oxygen is ob- 
tained from it very cheaply, and the attempt has been made to 
apply it in the technology of explosives, or to the production 
of high temperatures, but no ultimate pronouncement can be 
made with respect to this. Of far greater importance are the 
results that liquid air has achieved in scientific investigation. 

In the first place, it must be mentioned that I )ewar, by its 
aid, has succeeded in liquefying helium,'"' and in obtaining air, 
oxygen, and hydrogen in the solid state ; and that in doing so 
he has achieved almost everything that can be done in this 
direction. Dewar is at pre.sent engaged in trying to reach still 

"' Compare Hollxirn and Wien, Wiedem. Ann. 59, 220 ; ami Ijidenhutg 
and Krilgel, licrichle. 32, 1818. " Jiiuni. Royal Instilulion, 1878; 

1883-1885: 1892-1899. °" Z. ct. Vereincs rlcutscher Ingenieure, 39, 1157. 
'■•» Brilish Patent, April 1896. "' The Times, nth May 1S9S: Phil, 

^•■•ff- f5]45' 543; Comptes Renilus. 126, t^oS; Ann. Chim. [7] 14, 145; 
Ptoc. Chem. .Soc. 14, 129, \tfi. 
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lower temperatures by the aid of liquid hydrogen boiling under 
low pressure, in order to approach as nearly as possible to the 
absolute zero.*^ 

It is also noteworthy that ozone, which was obtained in 
the liquid state by Hautefeuille and Chappuis in 1882 by the 
aid of liquid ethylene,*' can easily be prepared in an approxi- 
mately pure condition by the use of liquid air, so that Troost 
was able to determine its boiling point** and Ladenburg its 
density.** The latter determination is of especial importance, 
since the molecular formula Oj, deduced from it, constitutes 
one of the most emphatic arguments in favour of the whole 
molecular theory ; and this formula, which till then had only 
been supported by Soret's experiments,** could not be regarded 
as finally settled. 

But the results that have been furnished by this agency 
with respect to the discovery of new elements are almost of 
greater consequence. 

When Lord Rayleigh compared the relative density of 
atmospheric nitrogen with that of nitrogen prepared from 
ammonia and other nitrogen compounds, he found a differ- 
ence (in the third decimal place) which could not possibly be 
ascribed to an experimental error."" He therefore resolved 
upon a minute investigation in order to find out the substance 
that was mixed with atmospheric nitrogen. This investigation 
he then carried out along with Ramsay, and it led to the 
discovery of ai^on, an element of which it is very difficult 
to obtain any compounds.*^ The molecular weight, deduced 
from the density, gave the number 39.92,*" and since by 
Kundt's method (compare p. 300) the monatomic character of 
the gaseous molecules was indicated, its atomic weight would 
be represented by the same number. The question as to 
the position of this element in the periodic system is thoivhy 

•2 Proc. Roy. Soc. 64, 227; Ann. Chim. [7] 17, 5. *" v^^m^^^t«l 
Rendus. 94, 1249. " Ibid. 126, 1751. "" lli-riclilo, Jt, 45^^ 4SJ0» 
32, 221. «• Annalen. 138, 45 ; Siipplemcnllmnd J, 148. ** NV 
46, 512. * Rayleigh and Ramsay, Proc. Roy. Soc. S7» 4^' 
Chem. 16, 344; Phil. Trans. 1895 (A), I&7. "» \\«\!<i)\\S 
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rendered an extremely difficult one, since it falls near that of 
potassium and yet is beyond it. 

Ramsay took up the problem from a verj' general point of 
view. It appeared to him highly probable that argon was a 
member of a whole group of elements, of which group he 
hoped to find additional members associated with nitrogen. 
It was thus that he came to investigate, amongst other things, 
the gases evolved from cleveite by heating with sulphuric acid, 
which Hillebrandt had considered to be nitrogen,"" and this 
led him to the discovery of helium. The brightest line in the 
spectrum of this gas, Dj (I), and D.^ are the sodium lines), had 
been observed a long time previously by Lockyer in the 
spectrum of the sun's photosphere."^ Helium, whose atomic 
weight 4 was deduced from the density of the gas and from 
the rate of propagation of sound in it, was an analogue of 
argon in every respect ; and it was thus clear to Ramsay that 
there must be another element which, with atomic weight 
about 20, should be placed before sodium, in the same way 
that helium comes before lithium, and argon probably before 
potassium, although the atomic weight of argon has been 
found, in the meantime, somewhat higher than that of potas- 
sium."'^ A similar thing applies to tellurium, the atomic 
weight of which, according to the most recent determinations, 
is greater than that of iodine."* 

Ramsay now represents the further development of the 
subject"'' as if the investigation, carried out with his utmost 
energy and effort, had remained unproductive, and as if an 
accident only had led him on to his further discoveries. There 
is in reality, however, no such accident in question, for the 
investigation of the residue from the evaporation of liquid air 
was only a link in the chain which, although perhaps unknown 
to himself, represented the course of his ideas. In this way 
he discovered crypton, the molecular weight of which was 

'» Bull. U.S. Geological Survey, 78, 43. " Nature, 53, 319- 

^2 Berichte. 31, 3111. " Brauner. Journ. Chem. Soc. 67, 549. " Berichte, 
31, 3116, 
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ascertained in a preliminary manner to be 45. It should pro- 
bably be much higher, however, as the gas was still mixed with 
lighter gases, especially with argon. In the case of crypton, 
the ratio of the specific heats has also been ascertained to be 
1.66, so that this gas is also a monatomic element, the position 
of which in the periodic system is still undetermined. 

As regards other discoveries, Ramsay found, by the syste- 
matic fractionation of argon "^ (which he condensed by means 
of liquid air), three new substances which he considers to be 
elements. These are, — neon, with atomic weight 19.3 to 19.5, 
which is clearly to be placed therefore between helium and 
argon and before sodium ; xenon, with density 65 (H — 2) 
which might, as Ramsay supposes, be raised to 81 by further 
purification, so that it would be placed beyond bromine ; and 
finally, metargon, an easily condensable and even solidifiable 
gas, which shows the spectrum of carbonic oxide even after it 
has been mixed with oxygen and exposed for a long time to 
the passage of electric sparks."" 

Even although all doubt as to the individuality and the 
elementary nature of these gases is not yet removed,"" still 
these investigations are unquestionably amongst the most suc- 
cessful that have been carried out during the last twenty years. 
Liquid air served not merely as starting material for the 
investigations, but Ramsay also employed it, or at least the 
liquid oxygen obtained by its aid, in an ingenious manner for 
the purpose of separating the various new elements. 

The question as to the position of these " elements " in the 
periodic system has been much discussed, and up to the 
present it is not finally solved. On the other hand, we may now 
say that even if our views respecting the connection between 
the properties of the elements and their atomic weights should 
be modified on account of these newly discovered facts, still 
the periodic law has rendered excellent service as an invaluable 
guide in this obscure region. 



'° Berichte. 31, 3117. " Ibid. : 
32, 708. 
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' Although such unexpected discoveries were thus made, 
still they will not exercise any considerable influence upon 
chemistry as a wholf, since all these "elements" apparently 
resemble argon, and probably do not enter into many com- 
pounds. Hence it may be said that these interesting investiga- 
tions will probably not prove of great significance as regards 
their consequences, and that in this respect they will fall short 
of other researches which have not excited the interest of such 
wide circles. 

I merely recall here the isolation of fluorine by Moissan in 
1886,"'* and the discovery of nickel carbonyl and analogous 
compounds by Mond in 1890, and jjass on to consider more 
particularly the investigation of the chemistry of nitrogen, 
which has made great advances in recent years. 

The discovery of hydroxylamine, by Lossen, falls under 
review here, although, of course, it took place at a much earlier 
date (in 1865).'-' It has not been referred to previously, how- 
ever, since its importance only came to be recognised gradually, 
a result to which Victor Meyer's researches on the oximes*" 
and their stereo-isomerism *' materially contributed. 

The preparation of phenylhydrazine, by Emil Fischer,*^ also 
deserves mention here. It must be looked upon as of par- 
ticular importance, on account of its leading to the clearing 
up of the sugar group. "^ Following upon this there are the 
valuable researches of Curtius, who discovered hydrazine in 
i88g,*'' and hydrazoic acid in iSgo.**"' The utilisation of these 
two substances has already led to numerous investigations, and 
will lead to others. An worthy of mention, I also refer to the 



*" Comptes Rendu.?. 103, 202 ami 256. '" Zeitschrift fllr Chemie. 8, 

551 ; Annalen, Siip|i1cinenlliand 6, 220; 160, 242; l6l, 347; etc. 
*" Meyer and Janny, Berii.hle. 15, 1324; Janny, Iliid. 15, 2778; 16, 
170; Meyer, Ibid. 16, 822; I'etracrek, Ibiil. l6, 823; etc. " H. 

Goldschmidt, Berichte. 16, 2176 ; .\iiwers and Meyer, Ibid. 21, 784, 3510: 
22' 537 i ^"^- '" Berichte. 8, 5S9 ; compare also Strecker and Rocmer, 
Ibid. 4, 784 ; and Zeitschrift fllr Chemie, 14, 481. *' Berichte. 17, 579. 
" Curtius and Jay, J. pr. Chem. [2] 39, 27. " Cnrtius, lierichte. 23, 
302J. 



researchee of Thiek:.*' who tuniuii^sc 'j:ii»s>.. iuunci out u uim- 
vement and itscfanicaliy practi'oiuit lUiittiuc iin tiit- manufiictuTt' 
of irydiBzint : and to thost of JKasctiii;,'^ wht. cieared u]> tht 
nitrageD-Bulphunic acidb. and in duitif: so discovered tht- 
mtjthod now employed for tiit prudu'Jtiur o? hydToxyiaminf. 

It dfteb not seeni ti> nit ttia: tiii.*- is- tiit piact ti' enter niurt- 
fully into this subject, stnw 1 am tealn ^jivii^; i. historical 
sketch, in which only thost tiiinip- tija: art of general inipananct 
can be prominent!} tjrough: forward. 

I may thub TBcal; iiert fc uis>'--overy of Hellriege'.'f which 
marks an epoch in chemistry and a^jricuiturt;.'" According to 
Helkiegei. leguminout pianib. and iupiut it particuiar. posses.^ 
the power of assimilathi;;. witi tlit aid of iowe' organism^, tht 
nitrogen of the air. In tiii.'- connectior. tht iac; must no; in 
passed by without mention that liertheiot iiad previously 
asserted tht assimilation of free nitrogen.*' 

An obser\atior whicii i^ to a certain extent of an oppositt- 
character is tht proof furnished b} liuchner that fermentation 
is possibit even without living organisms, by means of thi- 
liquid expressed from yeast liymase;.'" 

More particular consideration may i>f given to u research 
by van "t HofT, in wiiicii tiie idea and tht significancf of the 
transition temperature art- clearly stated.*'- Van '; Hoff i> iec 
to the ideii i<y tht comparisor- of chemical reactions with thi 
transitions froui one of tht stales of physical aggregation i<> thi- 
others : but the same conception ma\ be arrived at h\' tht- ait^. 
of tht pliase ruic. 

Sinct tht observations of .Si Claire Devilk (.set- ]^. ,^o2i. tin 
phenomenit o' dissociation have beei: regarueil ami treated a> 
analogous it- tiiow. of evaporation;. Vai) '; Hoff now siiow.-- 
tliat there are reactions which are (.-omjiarable with tht prives.-- 
of fusion, and in which a fixed temperature marks the iinr of 



" Aiiuaiei.. 270. ; : 273. 13.1 : lierichle. 26. 2,S0S .ini. 204, ; eir. 
*■■ ..iiiijiii'ri.. 241. 10;. •" HcUtie^jcl anil Wiliaim. Kioiierm. I'enli. x8, 

171J. "^' Coiii|)ic.. Ixenuui. 106. 509. *' Iktichtc. 30. 117, IIIO, * 
ei'-. "■ \ai •. llofi anii Dcveniet. Ibid. 19, 2142. 
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separation between two chemically different conditions. This 
fixed temperature he designates the transition temperature; 
and he demonstrates the accuracy of his idea in the cases of 
the formation of double salts (astrakanite), of the preparation 
of elements in allotropic modifications (sulphur), and of the 
splitting of racemic substances (sodium ammonium racemate). 

He afterwards treated this subject in a much more detailed 
manner in an important monograph "- " On the Formation and 
Decomposition of Double Salts," in which he explains the 
theory of the matter, and describes the methods for experi- 
mentally determining the transition temperature. 

These investigations have found very important applications 
in relation to the deposition of salts from ocean water,"' and in 
explaining the splitting of racemic compounds by Pasteur's 
methods. 

This leads us directly to the subject of stereo-chemistry, 
which has already been discussed in Lecture XIII. (see p. 268), 
but which has acquired so much importance of late that I must 
return to it here.*"* 

After the propounding of the theory by van 't Hoffand Le Bel, 
it was only isolated investigations that were, in the first place, 
carried out with a view to testing it — such, for example, as the 
splitting by means of fungi of a series of alcohols, which 
Le Bel succeeded in doing ; '■'" and the splitting of synthetic 
coniine,"'' which was of importance inasmuch as it was the 
preparation, for the first time, of an active base. The theory 
was subjected to a systematic examination by Emil Fischer, in 
carrying out his well-known syntheses in the sugar group.''^ 

It is simply astonishing that the theory stood the test of this 
experivientum cruets, and that the sagacity of Fischer enabled 
him to fix the configurations of the individual hexoses '•'* with- 

"2 German Edition by Dr Paul, Leipzig 1897. ** Berlin. Akad. Ber. 
1897, 1898, 1899. ** Compare van 't Hoff: Die Lagerung der Atome 
im Raiime, Second Edition, Braunschweig 1894. "' Comptes Rendus. 
87, 213 ; 89, 312 ; Bull. Soc. Chim. [3] 7, 551 ; Comptes Rendus. 92, 532. 
*' Ladenburg, Berichte. 19, 2578 ; Annalen. 247, 83. ■" Berichte. 23, 
2114; s/j, 31S9, 9» Ibid. 24, 1836 and 2681,. 
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out encountering any contradictions in doing so, especially 
when we take into consideration the recent experiments of 
Walden,''^ in accordance with which it is possible, by means of 
simple chemical reactions, to pass at ordinary temperatures 
from an active substance to its enantiomorph. 

As regards the application of the theory of asymmetric 
carbon atoms to molecules with doubly linked carbon atoms, — 
a matter that van 't Hoff had already mentioned, but one which 
had met with less attention, — very special notice was called to 
it by Wislicenus,!"* who, moreover, had himself given the first 
impulse to stereo-chemical conceptions by his earlier and 
extended investigations of lactic acid.'"' 

The researches of Wislicenus and his pupils 1"^ have 
certainly supplied most valuable contributions towards the 
clearing up of these remarkable cases of isomerism — an end 
towards which (after the discovery of fumaric ^"^ and maleic '"'' 
acids) a great many chemists, and even Kekul^ himself,!"^ had 
aspired in vain. In this domain, however, there are still many 
unexplained contradictions, as Michael i"* and Anschiitz ^"^ in 
particular have shown. On the other hand it must be admitted, 
that by van 't Hoff's theory an extremely plausible explanation 
of the products arising from the oxidation of fumaric and of 
maleic acids is rendered possible.^"* 

The applications of the doctrine of asymmetric carbon 
atoms to substances containing rings are also important and 
interesting. The first principles were laid down by van 't Hoff; 
but their significance was only fully recognised when Baeyer 
published his extended investigations upon hydrogenised 

" Berichte. 28, 2766; 29, 133; 30, 2795 and 3146. '*> Ubet die raumlicbe 
Anordnung der Atome in organischen Molekulen und ihre Bestimmung 
in geometrisch - isomeren ungesattigten Verbindungen, Leipzig 1887. 
"" Annalen. 12S, 41 ; 128, i ; 133, 257 ; 146, 145 ; l<56, 3 ; and ettx 
167, 345- "" Ibid. 246, S3 ; 248, I, 281. ; 250, 224 ; 273, ' 
'<" Pfaff, in Berzelius' Jahresbericht. 1828, 216. •" Pe 
11, 263. "' Annalen. Supplementband 2, ill : 
10, 654. i"« J. pr. Chem. [2] 38 ; 43 ; ^ 
254, 168. >»» Kekule and AnschUte, ] 
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aromatic compounds, and, in particular, upon the hydro- 
phthalic acids."* 

While Baeyer's intention in these investigations was to 
discover weaknesses in the theory, and even to modify it, his 
labours led instead to a further confirmation of it. Besidn 
this, the credit is due to him of having advanced the so-callec 
tension theory,"" which has already proved of service in somi 
cases. 

Emphasis must be laid upon the fact that the important 
consequences which the theory of the asymmetric carbon atom 
brought forth, gave a spur to the more and more complete 
application of stereo-chemical considerations. In this con- 
nection the numerous researches may be mentioned which 
deal with the non-occurrence of certain reactions, and explain 
this on stereo-chemical grounds.'" Amongst these investi- 
gations the best known are those of Victor Meyer on the 
formation of esters."- The asymmetry of the nitrogen atom 
may also be mentioned in this connection. 

The researches of Hantzsch and Werner"^ were of funds? 
mental significance with respect to the last-named subject, and 
they were capable of explaining the isomerism amongst oxinies, 
which was already familiar at that time. Hantzsch afterwards 
e.vtended the views respecting this matter, and turned them to 
account in explaining the isomeric hydrazones"^ and diazo- 
conipounds."-' It is true that it was only geometrical i.somerisi 
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™ Annalen. 245, 103 ; 251, 257 ; 156, l ; 258, l and 145 ; 266, 169; 
269, 145 ; 276, 25s. "" llL-richte. 18, 22yS. '" Hofinann, Ibid. 17, 
ic)t5 ; .ind 18, 1825; JacoUson, Uiid. 22, I2ig; 25, 992; 26, 681 nnti 
699; etc. ; I'inniT, Ibiil. 23, 2917; Kilster .inil Stallberg, Ann.-ilen. 278, 
207. "- Berichlc. 27, 510, 1580, 314J : 28 Kef. joi iintl giG ; 
830 : etc. "'■' Ibid. 23, 11 ; Werner, Kaumliclie Anurclnimg dcr Al 
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published researches of Willgerodt, J. pr. Chem. 37, 449 ; Burch 
Marsh, Journ. Chcm. Soc. SS' ^5^ I ^^^ especially van \ Hoff, .\n.sichten 
lilxT die organische Chemie, Braunschweig 187S-81. '" I'chrlin. 
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in the case of nitrogenous organic compounds that was proved 
by these investigations. Le Bel'^* and Ladenburg^*" en- 
deavoured to prove that asymmetric nitrogen can further pro- 
duce or influence optical activity. The investigations of both 
have, however, been attacked,"* but they have been able to 
establish the accuracy of their results.^'® 

Another subject that was much discussed was the signi- 

■ ficance of racemism, about which a clear understanding only 
became possible upon the introduction of the conception of 

' the transition temperature, and upon the recognition of the 
analogy between racemic substances and double salts. The 
most important method of splitting racemic substances— that 
by means of optically active substances —remained a standing 
enigma as long as the existence of partially racemic substances 
was denied. ^^^ Every difficulty was removed, however, after 
Ladenburg had shown that such substances do without doubt 
exist,^^^ and after a transition temperature had been recognised 
in their case also.'^^ 

Furthermore, the much debated question as to how a truly 
racemic substance (inactive by intra-molecular com])ensaiii)n) 
can be distinguished from the mixture of the active components, 
may now be looked upon as practically settled. ''•*'' 

It is beyond doubt that the founding and devflopmenl 
of stereo-chemistry (a name which originated with Vitltir 
Meyer i^*) is the most important thing that has bi't'n luiuinv 
plished in organic chemistry during the last two ilfititifii, 
Stereo-chemistry jxissesses a significance for tiiis perioil similar 
to that which the foundation and introdu<ti()n of tlif theory of 



"« Comptes Rendus. 112,724. '" Uerliii. Akiul. lU'i. iKyj, inn; 1 

Eerichte. 26, 854; 27, 853 and 859. "" MuuUwtil'l mul |ti<i»U 

Huelshoff, Ibid. 32, 560; Wolffenslt-in, Ihid. ag, l">5ti. "" (',uii)ilc.-. 
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3226; I^ndolt, Das Optischt J^rrliuiighvciiii.iy.ii, Si>uii.l I'.liii.ni, 
Braunschweig, 1898,85. '■" Lailenlmru mid ll.i/, lltii. Iiii . 41, i))/ ; 
Ladenburg and Doctor, Ibid. 31, )</>9. ''" l.iiilcidmm iind lloilui, 

Ibid. 32, 50. '•" I<oozebo<^n), '/.. \Myo\^. <'lii-ili. M, 4'M I I UiU'tlllM 
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aromatic compounds possessed for the twenty years preceding, 
There are besides, however, other important investigations in 
organic chemistry which require to be mentioned. 

A matter of general importance was the introduction of the 
idea of tautomcrism or desmotropy, which was brought forward 
by Laar,'-"' in 1885, on the strength of some experimental obsei 
valions and remarks by Zincke.'-" I^ar applies the term tauto- 
meric to a compound when two or more structural formula; 
can be advanced in explanation of its interactions. A very 
well-known example is furnished by aceto-acetic ether, which 
reacts sometimes as if it should be represented by the ketone 
formula CHj.C"0.CH._,.COOC.jHj, and sometimes as if it should 
be represented by the "enol formula CHj.CXOH) : CH.COOQHj. 
There are numerous investigations dealing with substances of 
this kind, of which there are a large number. Some of the 
best known of these investigations are those of Claisen,'^ of 
VV. Wislicenus,'-'* and of Knorr.'-"' Opinions are still widely 
divergent, with regard to the questions as to whether a desmo- 
tropic substance is to be considered as a mixture of two or 
more compounds (I-aar), or whether the forms are continuously 
passing into one another by means of oscillations (Kekule)or 
shifting linkings (Knorr ""), or finally whether one form is stable 
under certain conditions while another is stable under different 
conditions. 

The systematic and, theoretically, almost completed exami- 
nation of the sugar group has already been referred to (p. 350). 
The uric acid grouj), which so long resisted elucidation and 
synthesis, is now completely cleared up,''" and this is cliiefly 
due to Emil ]'"ischer's synthetical investigations. '^■- 

The hydrogenised aromatic compounds have likewise been 
referred to already (p. 351)1 but the terpenes have not been 



™ Berichle. 18, 648 ; 19, 730. '* Ibid. 17, 3030. "^ Annalen. 391. 2.V 
™ Ihiil. 291, 147. '"» IWH. 293, 70. i'" Ibitl. 379, 1S8. "" Coininre 
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mentioned. The latter formerly constituted one of the most 
confused sections of organic chemistry, whereas Wallach has 
now succeeded in systematising them by his extended and 
careful researches.^-'" But the most important thing about 
them, the elucidation of their constitution, is still wanting ; for, 
in spite of some fortunate attempts by Raeyer,'"^ which led to 
the synthesis of substances resembling terpenes, no one has 
yet succeeded in making this clear. 

The discovery of the iodo-, iodoso-, and iodonium-com- 
pounds, for which we are indebted to Willgerodt '•'"' and to 
Victor Meyer,"'"'' is also important, and these compounds supply 
new knowledge concerning the nature of iodine. The dis- 
covery of antipyrine by Knorr '•'■^ was of great importance in 
medicine, and through it the pyrazol group "" came to be 
simultaneously explored. 

The preparation of the so-called sub.stantive azo-dyes has 
become of technical importance ;"■"'' and that of synthetic 
indigo, according to a method discovered by Heumann,''"' 
promises to become so. 

(Ireat advances have likewise been made in the preparation 
of artificial perfumes. 'Vaniliine has already been referred to. 
The manufacture of piperonal "" (hcliotropine), and especially 
the synthesis of ionone by Tiemann and Kriiger,"'*'- must be 
mentioned in this connection. 

Thi.s account of the most recent phases in the develop- 
ment of our science must not be concluded, however, without 
reference being made to the valuable, although unfinished, re- 
searches which were carried out under the direction of Friedel, 
and which aimed at the introduction of a new nomenclature 
into organic chemistry. '■"' Although it has not yet been 



'■■" Annalcn. 225-306 (46 papurs). '■'^ Ibiil. 278. aSS : Bcrichle. 26, j;2. 
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possible to extend the system to substances containing rings, 
still there is much that is good and valuable in the principles 
that have been advanced. 

With the foregoing obsenations I may be permitted to 
conclude these lectures. I shall be gratified if the matters that 
have been discussed should' prove to be of value in conveying 
an outline of the history of our science ; and, in any case, 1 
hope that the lectures may serve as a stimulus to independent 
study. There are few things which operate more advantageously 
in the latter direction than a survey of the past. We recognise 
that progress is only possible with the united activity of many 
workers ; we realise that even the smallest contribution is not 
useless ; and we are led to exercise our own small capacities 
in the hope that they also may increase, by a drop, the tide of 
general knowledge. 
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282 
Fluorine, isolation, 348 
Formic acid, 120, 235, 236, 292 

acid, synthesis, ij6, 288 

ether, tribasic (Kay), 243 
Formulae, barred, 90 

constitutional, 253, 255 

empirical, 186 

equivalent, 193 etc. 

four-volume, 189 

graphic, 260, 265 

molecular, 194 

structural, 265 

synoptic, 186 

two-volume, 192 
Fuchsine, 279 
Fraunhofer lines, 316 etc. 
Freezing ix)ints, depression, 331, 

336. 337 
Fulmimc acid, 117, 154 
Fumaric acid, 35 1 
Furfiiran, 287 

GALLIC acid, II 
Gallium, 313, 318 
Galvanic current, decompositions by 

aid of, 68 etc. 
Gaseous volumes, law of, 58 etc., 

91 etc., 108, 196 
Gases, liquefaction of, 321, 322, 343 
etc. 
transpiration of, 331 
Germanium, 313 
Glucoses, 268 
Glyceric acid, 259 
Glycerine, Berthelot's researches, 
242 etc. 
discovery, 115 
synthesis, 289 
Glycocoll, 257 

synthesis, 289 
Glycol, 246 etc., 255, 257, 259 
Glycollic acid, 246, 257 etc. 
Gycols, 242, 248 
Guanidine, sytvthesvs, tS^ 
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^^M T T KAT, Lavoisier's views ci>n- 
^^M 1 1 cerning, 26 c(c. 


Isatine, 295, 296 ^|^| 


Isethionic acid, 131, 222, 224, 258 


^H fleats of formation, 324 


Isoliutyric acid, 263 


^^B uf neutralisation, J38, 339 


ether, 264 


^^B Ilcliotrnpine, 355 


Isologous series, 216 


^H Helium, 344. 346 


Isomers in benzene scries, 273 etc. 


^^M Heterologous series, 317 


in benzene series. Korner'srole, 


^^L^^ Homologous cum|xiun(ls, 216 
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^^^^^L compounds, regular diflercnces 


in pyridine series, 284 


^^^^^H in boiling-points, 216 


Isomeric amyl alcohols, 263 


^^^^^ series, 216 


propyl alcohols, 262, 263 


^^M 1 lomologucs of marsli gas, 203 


irijihenyl-phosphine oxides, 309 


^^1 Hydracids, Sz 


valerianic acids, 263 


^M Hyilraiinc, 348, 349 


Isomerism, 117 etc., 262, 265, 28S 


^H Hytlrazoic acid, 348 


eariy observations, 117 


^^1 Hydrobenxamide, 147, I48 


in the benzene series, 273 etc. 


^^M Hydrochloric acid, discovery. 11 


physical, 268 


^^M acirt, dissociation, 302 


Isonuirphisni, 95 etc., 106, I40 


^^M Ilydrocvitnic acid, II. 78, 124, 147, 


Isonitriles, 270 


^B 255' 292 


Isophthalic acid, 276 


^^1 Hydrofluoric acid, discovery, II 




^^^^^ Hydrogen, 11, 12 

^^^^H acids (or hydracids), 82, 119, 




TAIIRESBERICIITE, loa 


^^^H^ 161 




^^^^^K identity with phlogiston, 12 


'^ a 


^^^^^H presence in metals suspected, 


ry- ETONE formula, 354 ^^H 
IV Ketones, 236, 295 ^^M 


^^^^"^ 


^^F ilydrripthalic ncids, 352 


mixed, 209 ^^^H 


^H Hyciror|uinonc, 278 


KirchholTs law, 317 ^H 


^^M Hydruxylamtiie, 34S, 349 


Kolbc's reaction, 292 


^^M Hypochlorous anhyride, 195 




^^H Hypothesis «f Avogadro, 61 etc.. 




^H 103, etc., no, 133, 192, 195, 


T ACTAMETHAN, 258 

[ ., i^clic acid, II, 246, J57 


^^B 201, 211, 299 


^^H of Prout, 102, 311 


etc.. 351 




acid, discussion regarding its 




constitution, 256 etc 


^B T midl:.s. 195 

^^B X Increase of wtfight during com- 


acid, formula;, 256, 257 


acid, views as to its basicity, 


^^M hustion, 7, 21, 24 


256. 257 


^m Indigo, 290, 296, 355 


Lactone acids, 295 


^^M Indium, atomic weight, 313 


Lactones, 295 


^^M discovery, 318 


Lactyl chloride, 258 


^H Indol. 286. 287, 295 


Law of chemical mass action, 315, 


^^B Inflammalilc air, 12 
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^^M Internal condensation, 294 etc. 


of Dulong and Telit, 95 etc., 


^^B oxidation, 296 


106, 298 


^^B Iodine, discovery, 81 


of Oudcmans and Landolt, 339 


^H vapour density, 300, 343 


of selective absorption, 317 


^^m lodo', iodoso-, and iodunium com- 


of the even number of atoms. 


^H pounds, 355 


192, 202 


^H lonisation, 337 etc. 


of thermoneutrality, 338 


^H lonone, 355 


Leucic acid, 262 
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Leacinc, synthesis, 289 
Light, cfaonical eflbcts oC 326 etc 
Linking of carbon atoms (Kekalci, j 
250 etc, 272 I 



A /T AGNETIC roiatoiT power, 

Malapati's ethers, 171, 233 
Maleic acid, 35 1 
Malic add, 11, 154 

acid, synthesis, 289 
Malonic ether, 291 
Mandelic acid, 268, 292 
Manganese, 170 

discoreiy, 10 

peroxide, 170 
Manganic acid, 170 
Mar^ gas, 250 

gas, synthesis, 288 

gas, type, 250 
Matter, indestructibility of, 15, 22 
Mauveine, 279 
Mercaptans, discovery, 134 
Mercury ethyl, 227 

fulminate, 250 

vapour density, 299 
Mesityiene, 276 

synthesis, 293 
Metal-ammonia and metal-ammo- 
nium compounds, 310 
Metalepsy, 142 
Metals, existence as such in salts, 

'59 . 

polybasicity, 242 
Metameric substances, 118, 119 
Metaphosphoric acid, 154, 158, 243 
Metargon, 347 
Methyl (Ethane), 203, 226, 227 

alcohol, 237 

aldehyde, 236 

benzene, 271, 273 
. benzenes, 283 

carbinol, 262 

chloride, 250 

cyanide, 226 

ethyl ether, 205, 206, 210 

pronyl-phenanthrene, 282 

pyndines, 283, 284 

sulphonic acid, 224, 239 

toluene, 271 
Methylamine, 262 
Methylene, 135, 147 



Minenls. sfntlieses. 319, 310 
Mixed anhydrides. 210, 213 

ethos, ao6, aoS 

kctooes, 209 

types, 221 etc 
Mixtures, 35, 45, 107 
Molecular compouiKts, 30S, 309 

magnetism, 331 

physics, 328 etc 

refraction, 330, 331 

volumes, 328, 329, 331 

weights, 187 etc., 196, 209, 

299.337 
Molecule. 192 etc., 230, 240, 397, 
298 
chemical, 301, 203, 210 etc. 
physical, 211 
Molecules, 53, 61 etc., 195, 196 
Monocbloracetic acid, 229 
Morphotropy, 332 
Multiple point, 335 

proportions, law of, 48, 53 etc., 
91, 108, IIS, 175 
Miiriaticum, 80, oi, 
Mustard oil, synthesis, 289 



NAPIITHALKNK, 276, 280, 
281, 283, 28s, 287, 29s 

isomeric derivatives, 381 

mono-sulphonic acids, 281 

phenanthrene, 282 
a-Naphlhol, 280 
Nascent state, 196 
Neon, 347 
Neurine, 247, 290 
Neutrality, law of, 50 
Nickel carbonyl, discovery, 348 
Nitric acid, 19$, 336, 242, 243 

acid, composition, 35 

oxide, discovery, 1 1 
Nitriles, 19s, 270 

conversion into actiK, 226, 292 
Nitro-aerial spirit, 21 
Nitrobenzene, 181 
Nitrogen, assimilation, 349 

Cfjuivalent of, 148 

sulphonic acids, 349 
Nomenclature of Berz«liu», 8^ 

new syUein of <;lt«-iiii'»l, JJ, 
etc, 109 
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Notation of Berzelius, 90 
Nucleus theory of I Aurent, 143 etc., 
167; 174, 180, 202 

OIL of the Dutch chemists, 136, 
141, 149 
Olefiant gas, 122 etc. 
Organic acids, Liebig's researches, 

154 „ 
analysis, 28 etc., 113 etc. 
analysis of nitrogenous sulv 

stances, 114 
chemistry, new nomenclature, 

355 
chemistry, separate treatment, 

108, III etc. 
compounds, classification by 

Gerhardt, 215 etc. 
compounds, constitution of, 

117, 121, 288 
compounds, derivatives of in- 
organic compounds, 235 
Organo-metallic compounds, 227, 

232 
Ortho-condensation, 296 

(a /3) pyridine dicarbonic acid, 
28s 
Orthotoluidine, 279 
Orthrin, 126 
Osmotic pressure, 336 
Othyl, 209 
Oxalic acid, 11, 122, 226, 243, 255, 

259 
Oxamide, 185, 214 
Oxanilide, 185 
Oxidation of substituted pyridines, 

284 
Oximes, 348 
Oxindol, synthesis, 296 
Oxybenzoic acid, 257 
Oxycumarines, 295 
Oxygen, assumed presence in hydro- 
chloric acid, 76, 78 etc. 

discovery, 11, 16, 24 
Oxy-isobutyric acid, 264 
Oxypropionic acid, 257 
Ozone, density, 345 

discovery, 200 



PARA - OXYBENZOIC acid, 
277 



Perfumes, artificial, 355 
Periodic law, 103, 31 1 etc. 
Perkin's reaction, 292 
Phase rule, 334 etc., 349 
Phases, theory of, 334 etc 
Phenanthrene, 281 . 
Phenol aldehydes, synthesis, 292 

dyes, 280 
Phenols, synthesis, 291 
Phenyl, 229 

hydrazine, 348 

sulphonic acid, 239 
Phenylene diamines, 277 
Phlc^stians, chemical knowledge 

of, 10 
Phl(^isticated air, 18 
Phlc^ston theory, 5 etc., I3 etc. 
Phosgene, 170 
Phosphoric acid, 236, 244 

acids, Graham's investigations, 
152 etc. 

acids, supposed isomerism, nS, 

«52 
anhydride, 25 
Phosphorus, acids of, 243 

pentabromide, vapour density, 

301 
pentachloride, vapour density, 

301 
pentachloride, dissociation, 305, 

307 

vapour density, 106, 299 
Photo-chemical induction, 328 
Phthalei'nes, 280, 295 
Phthalic acid, 238, 276 

anhydride, 282 
Picene, 283 

Picoline, synthesis, 289, 294 
Picric acid, 221 
Piperidine, 285 

synthesis, 290 
Piperonal, 355 

Polybasic acids, 185, 190, 194 etc., 
202, 242, 292 

acids, theory of, 151, i54 
etc. 
Polyethylene alcohols, 247 
Polarity (Brodie), 198 etc. 
Polymerism, 118 
Potassamide, 76, 77 
Potassium, discovery, 67, 74 etc. 

ethyl, 228 

\od\de, (aimula, 343 
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I*rincipl£ of Hcs, 335 

of maxiiaam wok. J24 
Ftobabiliqr tinny {MsxvenK). J(H 
Pioio, 126 
Propioiuc add, 157, 25B 

add, sytitlie^ zjj 

ether, 258 
Propyl aldeh}>de, 253 

pyridines, 2S4, xS6 
Propylene, 269 

glycol, 257 
Prout's bypotiic&k, ictz, jit 
Purpurine, 2}ii 
Pyrazol group, 355 
Pyrene, 283 
I^ridine, 283 etc 

carbonic acid from oiidaljini of 
nicotine, 285 

dicarbonic arid, 2S6 

series, isomerism in, 2S4 

series, position of substituted 
atoms or grotips, 284 

synthesis, 284 

tricarbonic add, 2S6 
Pyrophospboric arid, 153, 158, 243 
I^rrol, 286, 28? 



QUINIZAKINE, 2S1 
Qninollne, 283 etc., 295 
from decomposition of al- 
kaloids, 285 
synthesis, 284, 285, 296 
Quinone, 278, 279 

formulae for, 27S 
Quinones, Grabe's examination of, 
278 etc. 



RACEMIC ivckl, I iS, 267 etc. 
acid, Pasleitr's modes of de- 
composing, 267 etc 
acid, syntheiiis, 289 
and partially racem ic.su bstances , 

353 . 
compounds, splitting of, 330 
Racemism, 353 

Radical, 31, 33, 124, I3£ etc, 167, 
169, 217, 225 
compound, i<^ 
Liebig's definition, 128 
theory, no, t2t, tjoclc., 174, 
176 etc., 230 



hmarj, 170 

ctmjqgued, 220 «c.. a3&. sjs 

C LuaaJM i i ^ rocnls. 211. sp. 

355.2+1 
di&Tcm. tecagdgtd 1w Kdbe, 

229 
iscJaaoD. 226 
pcdfxtaimc, 240. 247 
mlb Isadty greater th«i coe. 
214, 221 
Re&acUdo eqoiraleiits, 330 
Reftaclire index, ^xat-tie, 
Relalions between electrical and 
chemical forces, 325 
between optical and chemical 

properties, 326 
by w^ht in chemical changes, 
1 1, 21 
Replacement, 139 
Residaes, theory of, iSo etc., 293 
Respiration, 19 etc, 
Retene (Methyl - propyl - phenan - 

ihiene), 2S2 
Rosaniiine, 279, 395 
Rosolic acid, 2S0, 395 
Rotation of plane of pularisflliun, 

Ji' . . . 
of plane ufiMjlansal ion, ckclri)- 
magtieuc, 332 
Kubidium, discovery, 31!^ 
Rubies, artificial, 319 



SALIC VLIC acid, 229 
Salts, 242 

amphid, 84, [30 

haloid, 84, 120 

neulrai, 1 61 

views regarding, t2u 
Salylicacid, 271, 273 
Saturating capacity (Frnjiklnml), 

231, 242 
Scandium, 313, 318 
Secondary bnll«Tie», 14a 
fjemi-penDoiile menibfalMnt, Jj6 
Sesqtitcnude*,^ r ' " 
Siliiacaddr 
Silieaai 
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Solution, van 't Hoff's theory, 335, 

336 

tension, 340 
Specific volumes of liquids, 252, 328 
Spectra, absorption, 319 

bond, 318 

emission, 319 

line, 318 
Spectrum analysis, 316 etc. 

analysis, quantitative, 318 

bright bands, 317 
Statique Chimiqiu, Berthollet's, 35 
Stellar chemistry, 318 
Stereo-chemistry, 268, 350, 353 
Stibethin, 232 
Stochiometry, 52, 113 
Suboxides, 89 

Substituted ammonias, 204, 214, 217 

Substitution, 139 etc., 150, 162 etc., 

165 etc., 202, 225, 266 

early observations, 140 

of carbon by silicon, 167 
Succinic acid, 238 
Suear group, 348, 350, 351, 354 
Sulphacetic acid, 229, 239 
Sulphanilic acid, 185 
Sulphite of perchloride of carbon 

(Kolbe), 224 
Sulpho-acids, 239 
Sulphobenzide, 181, 182 
Sulphobenzoic acid, 182, 221, 222, 

239 
Sulphocamphonc acid, 166 
Sulphovinic acid, 182, 206 (see also 

Ethyl sulphuric acid) 
Sulphur, vapour density, 105, 201, 

299 
Sulphuric acid, 120, 195, 236, 239, 

243. 247 

acid, a dibasic acid, 183, 184, 
i8s, 187, 214 

acid, dissociation, 305 

acid, Nordhausen, 222 

anhydride, 25, 247 
Sulphurous acid, discovery, 1 1 

anhydride, dissociation, 302 
Sulphuryl chloride, 214 
Superoxides, 90 
Synthesis by condensation, 294 

of aromatic hydrocarbons, 290, 
291 

of hydrocarbons, 290 

of minerals, 319 



Synthesis of organic compounds, 
1 16, 288 etc 



TARTAR emetic, 159 
Tartaric acid, 154, 156, 159, 
190 
acid, formula, 202 
acid, inactive, 267 etc. 
add, isomerism, 118, 267 
acid, left rotating, 267 etc. 
acid, right rotating, 267 etc 
Taurine, synthesis, 289 
Tautomerism, 354 
Tellurium, atomic weight, 313,346 

ethyl, 227 
Temperatures, high, attainment of, 
342 etc. 
low, attainment of, 343 etc 
Terephthalic acid, 275, 277 
Terme de comparaison, Laurent's, 

191, 209 
Terpenes, 268, 354, 355 
Tetra-phenol (Furfuran), 287 
Thallium, discovery, 318 
Thermal effect, 325 
Thermo-chemistry, 322 etc. 

researches of Thomsen, 315, 

_ . 323 . 

Thioacetic acid, 241 

Thiofurfiiran, 287 

Thiophen, 287 

Toluene, 271, 273 

Toluylic acid, 275 

Transition temperature, 335, 349, 

35°. 353 
Transpiration of gases, 331 

of vapours, 332 
Triads, Cfebereiner's, 311 
Trichloracetic acid, 221, 225, 229, 

230 
acid, analc^ with acetic acid, 

164, 171 
acid, synthesis, 1 16 
Trichlormethyl-sulphonic acid, 224 
Trimethylamine, 262 
Trimethyl benzene, 276 
carbinol, 238, 262 
Types, condensed, 221, 247 

Dumas' theory of, 163, 165, 

174, 176 
Gerhardt's theory of, 211, 217, 
\ aio^Xs.,,212, 233 
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Types, mechanical, 165 

mixed, 221 etc. 

molecular, 165 etc. 
Typical hydrogen, 259 etc. 
Tyrosine, synthesis, 290 



UMBELLIFERONE, 295 
Unitary system, 162, 167 etc. 
Unsaturated acids, 270 

compounds, 269 etc., 308 
Uranium, atomic weight doubled, 

313 
Urea, synthesis, 116, 288 
Uric acid, it 

group, 354 

synthesis, 290 



VALENCY, 233, 240, 248, 250 
etc., 254, 267, 288, 307 etc., 

32s 
constant or variable, 307 etc. 
Van der Waals's equation, 335 
Vanilline, synthesis, 290, 355 
Vapour densities, 105, 337 

densities, abnormal, 299 etc., 
304 etc., 337 



Vapour densities, ratio of, 300 
pressure, diminution, 336 
Vapours, transpiration, 332 
Vital force, 115 



W 



'ATER, composition, 22, 28 
dissociation, 302, 305 

in combination, 90 

presence in oxygen acids 
doubted, 158 etc. 

presence in many organic com- 
pounds doubted, 180 

regarded as type by William- 
son, 209 

supposed conversion into earth, 
22, 23 
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YLENE, 271, 27s 



ZINC ethyl, discovery, 227 
vapour density, 299 
Zymase, 349 
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